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Abstract

Automated composition of Web services or the process of forming new value added Web ser-
vices is one of the most promising challenges facing the Semantic Web today. Semantics enables
Web service to describe capabilities together with their processes, hence one of the key elements
for the automated composition of Web services. In this Ph.D study we focus on the functional
level of Web services i.e., services are described according i) to some input, output parameters
semantically enhanced by concepts in a domain ontology and ii) to preconditions and side-effects
on the world. Web service composition is then viewed as a composition of semantic links con-
trolled by causal laws. The semantic links refer to semantic matchmaking between Web service
parameters (i.e., outputs and inputs) in order to model their connection and interaction whereas
causal laws are the relationships between actions, action preconditions and side-effects. The key
idea is that the matchmaking enables us, at run time, finding semantic compatibilities among
independently defined Web service descriptions. By considering such a level of composition we
first study semantic links in details, and more specially their properties of validity and robustness.

From this and depending on services expressivity we focus on two different approaches to
perform Web service composition. In the first approach a formal model to perform the auto-
mated composition of Web services by means of semantic links i.e., Semantic Link Matrix is
introduced. This Semantic Link Matrix is required as a starting point to apply problem-solving
techniques such as regression (or progression)-based search for Web service composition. The
model supports a semantic context and focuses on semantic links in order to find correct, com-
plete, consistent and robust plans as solutions. In this part an innovative and formal model for
an Artificial Intelligence planning-oriented composition is presented.

In the second approach, besides semantic links, causal laws are also considered to achieve
compositions of Web services. To this end an augmented and adapted version of the logic pro-
gramming language Golog i.e., s;;Golog is presented as a natural formalism not only for reasoning
about the latter links and laws, but also for automatically composing services. sy Golog operates
as an offline interpreter that supports n-ary output parameters of actions to compute conditional
compositions of services. This approach is much more restrictive since assumes more expressivity
on Web service description.

Finally, since Web services have been enhanced with formal semantic descriptions, the quality
of semantic links involved in a composition is used as a innovative and distinguishing criterion to
estimate its overall semantic quality. Therefore non functional criteria such as quality of service
(QoS) are no longer considered as the only criteria to rank compositions satisfying the same goal.
In this part we focus on quality of semantic link based Web service composition. To this end, we
present a general and extensible model to evaluate quality of both elementary and composition
of semantic links. From this, we introduce a global semantic link selection based approach to
compute the optimal composition. This problem is formulated as an optimization problem which
is solved using efficient integer linear programming methods.

Our system is implemented and interacting with Web services dedicated to Telecommuni-
cation scenarios in use. The evaluation results showed high efficiency and effectiveness of the
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suggested approaches.

Keywords
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Abstract

La composition automatisée de services Web ou le processus de formation de nouveaux ser-
vices Web a plus forte valeur ajoutée est 'un des plus grand défis auxquels le Web sémantique est
face aujourd’hui. La sémantique permet d’un cote de décrire les capacités des services Web mais
aussi leurs processus d’exécution, d’ott un élément clé pour la composition automatique de ser-
vices Web. Dans cette étude de doctorat, nous nous concentrons sur la description fonctionnelle
des services Web c’est-a-dire, les services sont vus comme une fonction ayant des parametres i)
d’entrée, de sortie sémantiquement annotés par des concepts d’une ontologie de domaine et ii)
des conditions préalables et effets conditionnels sur le monde. La composition de services Web
est alors considérée comme une composition des liens sémantiques ou les lois de cause a effets ont
aussi un role prépondérant. L’idée maitresse est que les liens sémantiques et les lois causales per-
mettent, au moment de ’exécution, de trouver des compatibilités sémantiques, indépendamment
des descriptions des services Web. En considérant un tel niveau de composition, nous étudions
tout d’abord les liens sémantiques, et plus particulierement leurs propriétés liées a la validité et
la robustesse.

A partir de 1a et dépendant de I'expressivité des services Web, nous nous concentrons sur
deux approches différentes pour effectuer la composition de services Web. Lors de la premiere
approche, un modele formel pour effectuer la composition automatique de services Web par le
biais de liens sémantiques i.e., Matrice de liens sémantiques est introduite. Cette matrice est
nécessaire comme point de départ pour appliquer des approches de recherche basées sur la ré-
gression (ou progression). Le modele prend en charge un contexte sémantique et met I’accent sur
les liens sémantiques afin de trouver des plans corrects, complets, cohérents et robustes comme
solutions au probléme de composition de services Web. Dans cette partie un modele formel pour
la planification et composition de services Web est présenté.

Dans la seconde approche, en plus de liens sémantiques, nous considérons les lois de causalité
entre effets et pré-conditions de services Web pour obtenir les compositions valides de services
Web. Pour ceci, une version étendue et adaptée du langage de programmation logique Golog (ici
sslGolog) est présentée comme un formalisme naturel non seulement pour le raisonnement sur
les liens sémantiques et les lois causales, mais aussi pour composer automatiquement les services
Web. sslGolog fonctionne comme un interprete qui prend en charge les parametres de sortie de
services pour calculer les compositions conditionnelles de services. Cette approche (beaucoup
plus restrictive) suppose plus d’expressivité sur la description de service Web.

Enfin, nous considérons la qualité des liens sémantiques impliqués dans la composition comme
critere novateur et distinctif pour estimer la qualité sémantique des compositions calculées. Ainsi
les criteres non fonctionnels tels que la qualité de service(QoS) ne sont plus considérés comme
les seuls criteres permettant de classer les compositions satisfaisant le méme objectif. Dans cette
partie, nous nous concentrons sur la qualité des liens sémantiques appartenant a la composition
de service Web. Pour ceci, nous présentons un modele extensible permettant d’évaluer la qualité
des liens sémantiques ainsi que leur composition. De ce fait, nous introduisons une approche
fondée sur la sélection de liens sémantiques afin de calculer la composition optimale. Ce prob-
leme est formulé comme un probleme d’optimisation qui est résolu a ’aide de la méthode par
programmation linéaire entiere.
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Notre systeme est mis en oeuvre et interagit avec des services Web portant sur de scénarios de
télécommunications. Les résultats de I’évaluation a montré une grande efficacité des différentes
approches proposées.

Keywords

[Calcul basé Service] Service Web, Composition de Web services, Optimisation de compositions;
[Intelligence Artificielle] Web Sémantique, Représentation des connaissances, Raisonnement Au-
tomatique, Planification en Intelligence Artificielle.



Introduction

General Context

Service oriented computing (SOC [158]) is an emerging cross-disciplinary paradigm for distributed
computing that is changing the way software applications are designed, architected, delivered and
consumed. Services are autonomous, platform-independent computational elements that can be
described, published, discovered, orchestrated and programmed using standard protocols to build
networks of collaborating applications distributed within and across organizational boundaries.
Web Services [3] are the current most promising technology to provide the feature richness, flex-
ibility and scalability needed by enterprises to manage the Service oriented architecture (SOA)
and SOC challenges [186]. Therefore Web services provide the basis for the development and
execution of business processes that are distributed over the network and available via standard
interfaces and protocols.

The commonly accepted and minimal framework for services, referred to as SOA, consists
of the following basic roles: 1) the service provider, which is the subject (e.g. an organization)
providing services; ii) the service directory, which is the subject providing a repository /registry
of service descriptions, where providers publish their services and requestors find services; and
iii) the service requestor, also referred to as client, which is the subject looking for and invoking
the service in order to fulfil some goals. A requestor discovers a suitable service in the directory,
and then connects to the specific service provider in order to invoke the service.

Research on Web services spans over many interesting issues. In this thesis, we are particularly
interested in automated composition of semantic Web services. This issue falls into the following
Research areas:

o Service Computing: Web Service, Service Composition, Composition Optimization;

o Artificial Intelligence: Semantic Web, Knowledge Representation, Automated Reasoning,
AT (Artificial Intelligence) Planning.

Motivation and Aim

Recent progress in the field of Web services makes it practically possible to publish, locate,
and invoke applications across the Web. This is a reason why more and more companies and
organizations now implement their core business and outsource other application services over
Internet. Thus the ability of efficient selection and integration of inter-organizational services
on the Web at runtime becomes an important issue to the Web service provision. The general
problem is about how to develop mechanisms to automatically locate the correct Web service
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in order to meet the user’s requirements. In some cases, if no single Web service can satisfy
the functionality required by the user, there should be a possibility to combine existing services
together in order to fulfil the request. This new ability is so called Web service composition:

Starting from an initial set of services, Web service composition aims at selecting and
inter-connecting services provided by different partners according to a goal to achieve.

The result of the Web service composition is generated in the user interaction loop on the
basis of the service requests and the available services.

The problem of Web service composition is a highly complex task. Here we underline some
sources of its complexities:

e First, the amount of available Web services is huge, and it is already beyond the human’s
capability to analyze them manually.

e Second, Web services can be created and updated on the fly, thus the composition system
needs to detect the updating at runtime and the decision should be made based on the
up-to-date information.

e Third, the Web services are usually developed by different organizations that use differ-
ent conceptual models for presenting services’ characteristics. This requires utilization of
relevant semantic information for matching and composition of Web services.

The vision that we pursue in this thesis is the folowing:

The realization of Web service composition through the emerging of semantic Web
services.

Closing the gap between Web service composition and automatic reasoning is the aim of the
emerging research area of semantic Web services. This research branch aims to identify ways of
leveraging today’s computational power to automate composition tasks that are currently carried
out manually.

Web service composition enhanced by semantic technologies is currently one of the most
hyped and addressed issue in the two major trends in Web technologies i.e., Web services and
semantic Web [140].

The semantic Web i.e., the Web of meaning is considered as the new vision and extension of
the current Web that tries to give semantic to the Web resources [29].

Semantic Web aims at improving the technology to organise, search, integrate, and evolve
Web-accessible resources (e.g., Web documents, data) by using rich and machine-understandable
abstractions for the representation of resources semantics. Ontologies are proposed as means to
address semantic heterogeneity among Web-accessible information sources and services. They
are used to provide meta-data for the effective manipulation of available information including
discovering information sources and reasoning about their capabilities.

In the context of Web services, ontologies promise to take interoperability a step further by
providing rich descriptions and modelling of service properties, capabilities, and behaviour.

Web services in the semantic Web are enhanced using rich description languages (through
Description Logics DLs [58]) such as the Web Ontology Language (OWL [161]). In this way
semantic Web services [197] are Web services that have been enhanced with formal semantic
descriptions where OWL-S [12], the Web Service Modelling Ontology (WSMO [60]), Semantic
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Annotation for WSDL (SA-WSDL [192]) or the Semantic Web Services Language (SWSL? [179])
may be used to describe them.

Services requestor (e.g., other services) can, in turn, use these descriptions to reason about
Web services and automate their use to accomplish goals specified by end-users including intel-
ligent and automated discovery, selection, composition and invocation [197].

The aim of this thesis is to consider the Web service composition problem from the semantic

viewpoint, and to propose a framework for supporting the composition process. The semantic
based method ensures the correctness and the completeness of the solution.

Research Questions and Contributions

In this report, we address the following problem:

Automated composition of stateless Web services in the semantic Web and
semantic-based optimization of candidate compositions.

Towards this issue we defend the following thesis:

Causal laws between services and semantic links between their input/output
parameters are key elements for automated composition of stateless Web Ser-
vices and for the optimisation of their candidate compositions.

A major contribution of this thesis is the development and specification of a formal and
generic approach for the automatic composition of Web services on the Semantic Web. In order
to accomplish such advances in the field of semantic Web services and more specially of their com-
position, many open problems have to be solved both on the theoretical and on the practical level.

In this thesis we aim to treat nine questions i.e., seven research questions and two ques-
tions related to the implementation, validation and demonstration of our model in
industrial scenarios in use. On the one hand the seven research questions are structured in
the following four main classes:

e Semantic Composability? of Web Services or how to ensure composition of Web
services?

e Web Service Composition or how to combine Web services in a suitable way to achieve
a target goal?

e Composition Optimization or how to select an optimal composition among a set of
candidates that achieve the same goal?

e Architecture or how to perform an end-to-end composition of Web services?

On the other hand the two last questions are denoted by the following class:

2http://www.daml.org/services/swsl/
3The reader can interchange the semantic composability term with the data flow term without major modifi-
cation of the meaning.
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e Industrial Scenarios and Implementation or how implementing, validating, and demon-
strating the composition approach in industrial scenarios in use?

In the following we address these different classes with the next questions.

Semantic Composability of Web Services

Q1. How can the semantic composability of Web Services be ensured?

e This thesis’ contribution to answering this question is a novel semantic link concept [114,

, , , | between Web services which is a composability criterion considered as

the main issue to form new value-added services by composition at functional level. This

criterion is required to semantically link output to input parameters of Web services, and
to ensure correct properties of semantic composability involved between Web services.

Q2. What kind of properties the semantic composability of Web services have to satisfy?

e This thesis’ contribution to answering this question is robustness of its semantic links
[108, , ]. The thesis highlights the issue related to robustness of semantic links and
presents different techniques to solve the problem of robustness in Web service composition.

Q3. How to define a formal and flexible model that ensures correct semantic composability of
Web services and easily supports basic control flow of composition?

e This thesis’ contribution to answering this question is a framework SLM (Semantic Link
Matriz) [114, , , , ] for pre-computing and capturing relevant semantic links
in a formal and flexible model to achieve Web service composition. Moreover this model
supports expressive compositions of Web services such as sequence, non determinism choice
of service and concurrent execution.

Web Service Composition

Q4. How can we compose Web services with semantic links?

e This thesis’ contribution to answering this question is Ra,C (Regression-based Approach
for Composition) [114, , ] that applies an Al planning-based technique for computing
correct, consistent, complete and optionally robust Web service compositions on an SLM
of a given domain. The result of the latter computing is a partial ordering of Web services
arranged in a simpler version of a workflow that fulfils a given composition goal. The thesis
fits semantic Web service composition to a semantic links composition by means of the
feature of sequence composability between services.

®5. How can we compose semantic Web services wherein conditions on their functional param-
eters hold?

e This thesis’ contribution to answering this question is a composition approach that considers
semantic links together with causal laws as composability criteria. This approach, which is
based on an adaptation and extension of Golog i.e., s5;Golog (Sensing + Semantic Link for
Golog), supports conditional compositions of services.
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Composition Optimization

Q6. How can we compare and select among a huge number of composition solutions that achieve
the same goal?

e This thesis’ contribution to answering this question is a technique for computing the seman-
tic link based optimal Web service composition [110]. To this end, a general and extensible
model to evaluate and estimate quality of both elementary and semantic links based Web
service composition is presented. From this the semantic link based optimal Web service
composition is computed by i) a local, ii) a naive and iii) a global selection approach.

Architecture
Q7. How can we achieve an end to end composition of Web services at functional level?

e This thesis’ contribution to answering this question is a reference architecture [168, 30,

, 71, 70] wherein Web services can be discovered, selected, composed and executed at

Functional Level. All these components interact with repository of Web services, semantic
reasoners to achieve such a goal.

Industrial Scenarios and Implementation

The two questions related to our industrial context are as follows:

Q8. Are the suggested approaches implemented?

e Our Ph.D work has an efficient implementation in the SME3-Pro* prototype for automat-
ically computing compositions of Web services and rendering them in a standard format.

Q9. Are the suggested approaches running on real scenarios and scaling large use cases?

e The thesis illustrates our approaches in different levels of scenarios i.e., from scenarios
in Use in Telecom, E-Tourism or E-HealthCare domain, to random scenarios to evaluate
scalability of our approach. Moreover the empirical evaluation illustrates the experiences
made with the application of the proposed techniques and leads to the conclusion that the
concepts presented can be applied to practical problems.

Thesis Outline

Figure 1 illustrates the organization and inter dependences of the different Ph.D report’s Chap-
ters. In more details, this thesis is organized as follows:

e Part I presents the background information to follow the theory in this thesis. Moreover
this part presents related works, that we first analyse with the previous questions @Q); 1<i<g.
Then we emphasize the main limitations of the latter works by means of the latter ques-
tions. From this, the part draws main requirements that we consider to achieve Web service
composition.

4cf. the SME3-Pro (SeMantic wEb sErvicE PROject) Open Source Project licensed under the GPL license
available at https://sws-orangelabs.elibel.tm.fr/ that is the general framework in which we intend to release the
various prototypes produced by our research in area of Semantic Web services.
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— Chapter 1 provides an introduction to the main topics and background information of
the thesis i.e., Service-oriented Computing, Web Service, semantic Web and semantic
Web service.

This Chapter represents the foundations of Figure 1.

— Chapter 2 surveys a representative set of existing literature that is related to the
work presented in this thesis. Moreover this Chapter poses six specific technical meta
requirements that need to be met by matchmaking and Al planning based systems to
make automatic web service composition at functional level a real success.

This explains the vertical position of Chapter 2 in Figure 1.

e Part II presents the main contributions of this thesis.

— In Chapter 3, semantic links between parameters of Web services are defined as the
main composabilty criteria to achieve Web service composition. Towards this issue we
focus on functional input and output parameters of services. More particularly we will
consider both standard and non standard matchmaking functions to value semantic
links between parameters of Web services. From this innovative valuation, new issues
related to robustness connections have been identified.

This Chapter addresses questions Q1 and Q2.

Moreover Chapter 3 studies a formal and flexible model for Web service composition.
This model is introduced for facilitating computation (at Design Time) of semantic
links between services and also their composition. This model aims at supporting
expressive (sequence, non determinism and concurrency) compositions of Web services.

This Chapter addresses question Q3. This Chapter represents the first contribution in
Figure 1 and is based on Chapter 2.

— Chapter 4 deals with the problem of service composition i.e., the process of selecting a
set of web services that, combined in a suitable way, are able to perform a composition
goal. Two complementary Web service composition approaches, depending on the
level of Web service description and the composability criteria, are addressed in this
Chapter. Al principles and matchmaking based systems are coupled to solve such
a problem. In more details these two approaches are as follows: the first approach
considers semantic links as a composability criterion, and the other approach works
with semantic links together with causal laws. Both approaches support expressive
compositions of Web services at different levels.

This Chapter addresses questions Q4 and Qs. This Chapter is based on Chapters 2
and 3 in Figure 1.

— Contrary to approaches that compute optimal composition by considering only non
functional parameters (e.g., quality of service), Chapter 5 focuses on functional pa-
rameters of Web services to value semantics of compositions. In particular this Chap-
ter aims at computing semantic links based optimal Web service composition. Starting
from an initial set of web services, the goal of this chapter aims at selecting web ser-
vices and maximizing the overall quality of their inter-connections by means of their
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semantic links according to a goal to achieve. The composition results of Chapter 4
can be inputs of the optimization process.

This Chapter addresses question Qg. This Chapter is based on is Chapters 2, 3 and /
i Figure 1.

e Part III presents the prototype implementation of the theoretical Part II, running on sce-
narios in use at France Telecom R&D.

— Chapter 6 presents three different scenarios wherein our approach of semantic Web
service composition has been integrated. These three scenarios respectively refer to a
Telecommunication, an E-Tourism and E-HealthCare scenarios.

This Chapter addresses question QQg. This Chapter provides scenarios in use for Chap-
ters 3, 4 and 5 in Figure 1.

— Chapter 7 presents the implementation of our service composition system. We also
present the empirical evaluation of the system performance.

This Chapter addresses questions Qr7, Qg and Qg. This Chapter provides implemen-

tation for Chapters 3, 4 and 5 in Figure 1. Moreover the implementation is performed
on Scenarios in Use of Chapter 6.

e Finally we summarize the thesis, discuss its contributions and provide a discussion of the
method and future directions for this work.
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Chapter 1

Semantic Web Service

This chapter provides an introduction to the main topics and background of the thesis. To
this end Section 1.1 introduces concepts related to service-oriented computing, service-oriented
architecture and web service. In Section 1.2 we briefly review semantic web and its underlying
formal model i.e., Description Logics. Section 1.3 presents semantic web services and its standard
proposals. Finally Section 1.4 concludes this chapter.

1.1 Service

In this section, we introduce Service-Oriented Computing, its Architecture and Web Service. In
the first section we will define Service-Oriented Computing as an emerging computing paradigm
utilizing services to support the rapid development of distributed applications in heterogeneous
environments. From this definition we will focus on a key architecture to realize the Service-
Oriented Computing concept i.e., the Service-Oriented Architecture in the second section. The
latter architecture is not tied to a specific implementation technology. Indeed it may be imple-
mented using a wide-range of technologies. In the third section we will focus on one of these
technologies i.e., Web Services-based SOA.

1.1.1 Service-Oriented Computing

In today’s world, the ability to quickly deliver new applications is increasingly becoming imper-
ative for business organizations. They face rapidly changing market conditions, pressure from
competition and new regulations that demand compliance. These evolving constraints drive the
need for the IT infrastructure to respond aptly in support of new business models and require-
ments. However, most of the enterprise and legacy applications were not designed to enable
rapid adoption and adaptation of functionality. Therefore these become a bottleneck in the al-
ready intricate IT landscape of an organization for efficient and effective application development.

Service-Orientation aims to provide the underlying machinery that can potentially i) over-
come these drawbacks and ii) realize such an “on-demand” IT environment by essentially support-
ing three important requirements [123]: Integration, Virtualization and Management. Integration
in this context refers to the ability to seamlessly combine multiple existing, and often heteroge-
neous, applications and resources across organizations. Virtualization is the ability to provide a
uniform and consolidated access to the applications irrespective of programming language used
for its implementation, server hosting the application, operating system on which it is running,

10
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and so on. And finally, Management is the ability to provide a logical architecture for managing
computing resources using managed objects and their relationships.

The previous requirements are enabled by adopting a programming model called Service-
Oriented Computing (i.e., SOC) [156, , ]. This paradigm utilizes services as the building
blocks for fast, low-cost and efficient (distributed) application development. Services are au-
tonomous, self-describing and platform-agnostic computational entities that can perform various
functions ranging from responding to simple requests to complex enterprise processes.

They allow organizations to expose multiple applications, using standard interface description
languages. In addition they can be accessed and invoked programmatically over the network (In-
ternet or intranet) using widely adopted protocols and languages. Furthermore, SOC enables the
services to be published in repositories and dynamically discovered and assembled for building
massively distributed, interoperable and evolvable systems. Typically, they are built in a way
without preconceiving the context in which they will be used. Consequently, the provider and
consumer of a particular service are loosely coupled, and often inter-organizational.

Moreover, even though there is an abundance of Web-based applications primarily targeted
for humans, services are also meant to be used by other applications (and possibly by other
services) directly, and not only by humans. In other words, the goal of SOC is to enable pure
service-to-service interactions as opposed to only service-to-human interactions.

A key architecture to realize the SOC concept is the Service-Oriented Architecture (i.e.,
SOA). In the same direction as SOC, SOA introduces a new philosophy for building distributed
applications where elementary services can be published, discovered and bound together to create
more complex valued-added services. In the next section, a definition of SOA together with its
main components are remained to the reader.

1.1.2 Service-Oriented Architecture

One of the most widely adopted ways for realizing the SOC model into an architecture is called
a Service-Oriented Architecture [56, 61]. It is in essence a logical way for developing distributed
software system by providing services to end-user applications or to other services via published
and discoverable interfaces. OASIS' (i.e., the Organization for the Advancement of Structured
Information Standards) defines SOA as follows:

Definition 1. (Service-Oriented Architecture [1/8])

Service-Oriented Architecture (SOA) is paradigm for organizing and utilizing distributed capabil-
ities that may be under the control of different ownership domains. It provides a uniform means
to offer, discover, interact with and use capabilities to produce desired effects consistent with
measurable preconditions and expectations.

In general, an SOA is composed of three different entities (Figure 1.1):

i) the service provider is any organisation that provides the service, such an entity provides a
specific implementation of the service;

ii) the service requestor (e.g., a client) is an entity which searches for and invokes a particular
service in order to fulfil its goals;

iii) and finally a discovery engine which acts as a repository or a directory of services.

Lhttp://www.oasis-open.org/


http://www.oasis-open.org/

CHAPTER 1. SEMANTIC WEB SERVICE 12

Provider
A i
) . 3: Dynamic
5: Direct Registry Di:covew
Invocation (UDDI) of Services
Customer

Figure 1.1: Diagram of a Service-Oriented Architecture.

In such an architecture the different entities act as follows. First a provider publishes information
about the interface description of the service, and about the invocation (e.g., URL, protocols) in
a discovery engine. Then, a client who wants to use a particular service, searches for it in the
repository and then interacts with the service provider (directly or not e.g., through a broker, a
delegator) for service invocation.

Even though this framework is simplistic, it raises very interesting research issues with respect

to:

specification e.g., how to specify the syntax and semantics of a service unambiguously?
publication e.g., how to make information about a Web service available?
discovery e.g., how to find the best service suitable for a particular job?

composition e.g., how to assemble multiple atomic and composite services for
a particular job?

selection e.g., how to select “best” services for a given task?

interoperation e.g., how to solve the problem of heterogeneity at a data level among Web
services?

mediation e.g., how to provide direct connectivity between service requestors and service
providers?

interaction e.g., what kind of data and protocol mediators are required by service requestors
and service providers?

verification e.g., how to validate Web services, their compositions 7

monitoring/management e.g., how to provide quantified QoS-based services, service assur-
ance to Network Providers? How to manage network resources?

execution e.g., how to execute services securely?



CHAPTER 1. SEMANTIC WEB SERVICE 13

As mentioned earlier, the main focus of our work is to develop techniques for automatic com-
position of services defined over the Web.

To conclude, it is obvious that a well-constructed, standards-based Service Oriented Archi-
tecture can empower a business environment with a flexible infrastructure and processing envi-
ronment. SOA achieves this by provisioning independent, reusable automated business process
and systems functions as services and providing a robust and secure foundation for leveraging
these services. Efficiencies in the design, implementation, and operation of SOA-based systems
can allow organizations to adapt far more readily to a changing environment.

SOA is not tied to a specific implementation technology. Indeed it may be implemented using
a wide-range of technologies including Web Services [8], RPC [33], DCOM [67], REST [63] or
CORBA [149]. In our work, we focus on Web Services-based SOA [157], which is described in
the following section.

1.1.3 Web Service
Definitions

Web Services are the current most promising technology based on the concept of SOC and SOA
[203]. According to IBM?, “Web Services are self-contained, modular applications, accessible via
the Web through open standard languages, which provide a set of functionalities to businesses or
individuals”.

This definition places the emphasis on two points. The first point is that a Web service is
seen as an application accessible to other applications over the Web. Secondly, Web services
are open, which means that services have published interfaces that can be invoked by message
passing standards.

This definition is very simple, but not precise enough. For instance, it is not clear what it is
meant by a modular, self-contained application.

A step further in refining the definition of Web service is the one provided by the World Wide
Web consortium (i.e., W3C):

Definition 2. (Web Service)

A Web service is a software system identified by a URI and designed to support interoperable
machine-to-machine interaction over a network. It has an interface defined and described in a
machine-processable format (specifically WSDL [/0]). Its definition can be discovered by other
software systems. Other systems may then interact with the Web service in a manner prescribed
by its description using SOAP [51] messages, typically conveyed using HTTP with an XML [37]
serialization in conjunction with other Web-related standards.

The W3C definition stresses that Web services should be capable of being “defined, described,
and discovered,” thereby clarifying how to access the Web services [8] with simple descriptions.
We should also emphasize that Web services do not merely provide static information, but allow
one to affect some action or change in the world (preconditions, effects), e.g., the sale of a product,
the control of a physical device, and so on.

This definition, represented pictorially in Figure 1.2, outlines two fundamental requirements
of Web services:

2IBM Web services tutorial. Online: http://www-106.ibm.com/developerworks/webservices)/ .
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Figure 1.2: Relationships Between Standard Web Service Specifications [56].

e they communicate by exchanging data formatted as XML documents using SOAP over
Internet protocols (such as HTTP);

e they provide a service description that, at minimum, consists of a WSDL document (which
unfortunately does not describe Web service semantics);

where, SOAP provides a standard, extensible, and composable framework for packaging and
exchanging XML messages and WSDL describes Web services starting with the messages that
are exchanged between the service requester and provider. Thus, such a description describes a
service in terms of its syntactical functionalities that it exports which can be invoked by syntactic
input/output messages.

UDDI (for Universal Description Discovery and Integration), an open industry initiative,
sponsored by OASIS, was originally proposed as a core Web service standard. It is designed to
be interrogated by SOAP messages and to provide access to Web Services Description Language
documents describing the protocol bindings and message formats required to interact with the
web services listed in its directory. A UDDI business registration consists of three components:

e White Pages: address, contact, and known identifiers;
e Yellow Pages: industrial categorizations based on standard taxonomies;

e (Green Pages: technical information about services exposed by the business.

Functional and Process Level Based Web Services: Two Types of Description

In practice, there are two basic types of Web services: functional level based Web services and
process level based Web services. The two previous types of Web services are respectively de-
scribed at Functional level and at Process level.

On the one hand functional level based services are single network-accessible applications that
can be invoked by sending a message. Upon invocation, the service performs its task and (in
some cases) produces a response to the invoker. Thus, there is no ongoing interaction between
the service requestor and the service itself.
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The description of such Web services focuses on their functionality in terms of service name,
operations names, message names (also known as input and output messages/parameters), in-
terface name.

Examples of services that would fall into this category include services which given the zip
code of a city will output the current temperature or given the symbol of a company will provide
the current stock quote.

The process level based Web services, on the other hand, comprise multiple operations that
follow a given overall behaviour. Such services will require an extended interaction between the
service requestor and the set of operations providing a particular functionality.

That is, web services are usually composite i.e., the interaction with them does not only consist
of a single request-response step, but they require to follow a complex protocol in order to achieve
the required result. The steps defining the complex interactions are not necessarily restricted to
a simple sequence but can also consist of arbitrary (conditional and iterative) combinations of
atomic interactions with conditional outcomes. In such a level of description objects manipulated
by web services are typed messages and operations with complex descriptions. To this end
a detailed description of each (relevant part of the) internal behaviour is required e.g., state
transition systems (STS) [129, 169, 170], Finite state automata [26, 74], Mealy machine [95] or
Interface automata [68].

In the same way as the functional level based services, the process level description focuses on
their functionality in terms of service name, operations names, interface name, but also the overall
behaviour i.e., a protocol to interact with operations described in the functional description.

Many e-Commerce sites such as Amazon.com, eBay.com fall into this category. For example,
in order to purchase a digital camera at eBay, a user has to first search for it using different
criteria, possibly read the reviews and analyze user’s ratings, search for relevant accessories, and
then finally provide payment and shipping information to complete the purchase. Such a service
follows a protocol defined by the service provider.

It is obvious that process level based Web services have also functional description of their op-
erations and services. However operations of functional level based services have no behavioural
interactions. This is the main difference between these two levels. In such a case the two levels
can be used as complementary levels to describe more fine-grained Web service.

According to this difference, processes related to, for instance, their discovery, composition
are also different, and then have different issues.

What makes Web Services Attractive?

One of its most appreciated feature is the ability to integrate the Web services developed by
different organizations together to fulfil the user’s requirement. Such integration is based i) on
the common standards of Web service interfaces, regardless of the languages that are used to
implement the Web services, and ii) on the platforms where the Web services are executed.

In general, the Web services have the following features that make them better in integration
inside the heterogeneous environments:

e loosely coupling: In software development, coupling typically refers to the degree to
which software components/modules depend upon each other. Comparing with the tightly
coupled components (such as the Distributed Component Object Model (DCOM) [142] or
the Common Object Request Broker Architecture (CORBA) [119]), the Web services are
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autonomous and can operate independently from one another. The loosely coupled feature
enables Web services to locate and communicate with each other dynamically at runtime.

e universal accessibility: The Web services can be defined, described and discovered
through the Web that enables an easy accessibility. Not only the Web services users can
locate appropriate services, but services can describe and advertise themselves so that they
are possible to bind and interact with each other.

e standard languages: Web services are described by standard XML languages that have
been considered as parts of the Web technology. The Web services standards are of higher
abstraction. Although the cores of Web services may be implemented by different pro-
gramming languages, the interface of Web services are described by uniform standard XML
languages.

The standard may be of the most importance for the success of Web services. In fact, the Web
service community has proposed dozens of standard languages and frameworks to help users to
present the services in a uniformed matter. In this direction the Web service languages proposed
or co-proposed by IBM are considered as the most elaborated and the best described industry
quasi-standard for Web service so far. The IBM Web service languages represent a traditional
view of Web service languages.

Some Limitations

According to the previous view, Web services have simple rather than rich descriptions and data
exchange are syntactic rather than semantic [194].

For Web services to interact properly with each other as part of composite applications that
perform more complex functions by orchestrating numerous services and pieces of information,
the requester and provider entities must agree not only on the service description (i.e., the WSDL
definition) but also on semantics that will govern the interaction between them. Such semantic
consideration seems key for the future of Web services.

Towards this issue, a complete semantic solution requires that semantics are addressed not
only at the terminology level but also at the level that Web services are used and applied in the
context of business scenarios, viz. at the business process-level. This implies that there must
be agreement between a service requester and provider as to the implied processing of messages
exchanged between interacting services that are part of a business process.

It is then widely acknowledged that to enable service-to-service interactions there should
be a provision for services to automatically find, select and communicate with other services,
which in turn requires the services to explicitly specify their “semantics” unambiguously. The se-
mantics of a service should capture various aspects including, for instance, functional properties,
behavioural (control/data-flow) properties, transactional properties, quality of service properties.

Since UDDI-based discovery is mainly based on a syntactic search (i.e., through White, Yel-
low and Green pages), it seems important to consider more sophisticated process to retrieve
relevant services according to the semantic they can express. This could be achieves through
a semantically-enhanced Web service registry to enhance the discovery facilities (through fine-
grained matchmaking) that a typical UDDI registry can offer.
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In the semantic Web where annotations of Web services are possible, a fourth player should be
required in the SOA triangle (Figure 1.1) to details origins and descriptions of schemas/ontologies
used by Web services. Towards this issure we can easily imagine different adaptations of Figure
1.1 e.g., ontology provided and maintained by a third entity.

In the next section we overview the semantic Web and its underlying formal model (i.e.,
Description Logics) which can be used to enhance the semantics of the nowadays syntactic
Web services. This provides some additional and relevant modifications to move the traditional
languages closer to the vision of an openness and interoperability.

1.2 Semantic Web and Description Logics

In this section we focus first on the semantic Web, then introduce its underlying formal model.
In the third section we present some inference models to reason on Description Logics, hence on
the semantic Web. Finally we draw some conclusions in the forth section.

1.2.1 Semantic Web

The Semantic Web [29] is an extension of the current Web in which information is given well-
defined meaning, better enabling computers and people to work in cooperation. This is realized
by marking up Web content, its properties, and its relations, in a reasonably expressive markup
language with a well-defined semantics.

In such a context, some languages also known as semantic web languages are used to represent
information about resources on the Web. This information is not limited to be about Web
resources but can be about anything that can be identified. Uniform Resource Identifiers (URIs)
are used to uniquely identify entities. For example, it is possible to assign a URI to a person, to
the company she works for, to the car she owns. Therefore relations between these entities can
be written and shared on the semantic Web. The stack of languages has been published as W3C
recommendations to be used on Semantic Web. Let’s describe it in the following paragraphs.

RDF, RDF-S

At the bottom layer of the stack, there is the Resource Description Framework (RDF) [38]. RDF
is a simple assertional language that is designed to represent information in the form of triples.
Triples are statements that contain a subject, a predicate and an object.

RDF Schema (RDF-S) [39] is a collection of RDF resources that can be used to describe
properties of other RDF resources. Unlike its name suggests, RDF-S is not a schema that
imposes specific constraints on the structure of a document, but instead it provides information
about the interpretation of the statements given in an RDF data model. In this regard, RDF-S
has similarities to frame based languages.

OWL

The Web Ontology Language (OWL) (formerly DAML) [161], is the most expressive standardized
Semantic Web language that is layered on top of RDF and RDF-S.

OWL can be used to define classes (unary relations) and properties (binary relations) as in
RDF-S but also provides constructs to create new class descriptions as logical combinations (in-
tersections, unions, or complements) of other classes, define cardinality restrictions on properties
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and so on. OWL has three different species: OWL-Lite, OWL-DL and OWL-Full. OWL-Lite and
OWL-DL differ from OWL-Full such that they define certain constraints on RDF and RDF-S so
as to be compatible with the traditional semantics of Description Logics.

It is acknowledged that DLs have heavily influenced the development of the semantic web
languages. For example, RDF-S can even be described as a relatively inexpressive Description
Logic [187] while OWL is in fact an alternative syntax for a very expressive Description Logic
[93]. In the next section we present this family of formal logic.

1.2.2 Description Logics: An Overview

The semantic Web uses Description Logics (DLs) [58] as a formal framework. In this section,
we first give the basic definitions of Description Logics (henceforth DL) [58] by briefly describing
the syntax and semantics of the DL. Then we briefly describe the two main levels of knowledge
we can model by means of DLs.

Basic Definitions

The family of Description Logics (DLs) is a knowledge representation system evolved from early
frame systems [143] and semantic networks [171]. DLs are distinguished from their ancestors by
having a precise semantics which enables the description and justification of automated deduction
processes. In this direction DLs allow to represent domain of interest in terms of concepts
or descriptions (unary predicates) that characterize subsets of the objects (individuals) in the
domain, and roles (binary predicates) over such a domain. Concepts are denoted by expressions
formed by means of special constructors. Let N¢ be the set of concept names and N be the set of
roles. Elementary concept descriptions are called atomic concepts. These are defined only by the
word that is their concept name. Let N4 be the set of atomic concepts (thus Ny C N¢). Concept
descriptions are inductively built from atomic concepts, roles and constructors. Examples of DL
constructors considered in this Ph.D report follow:

e the symbol T is a concept description which denotes the top concept while the symbol L
stands for the bottom concept;

e the negation restricted to atomic concepts (—A), e.g., the description = FastNetworkConnection
denotes the class of network connections which are not fast (i.e., SlowNetworkConnection);

e concept conjunction (M), e.g., the concept description NetworkConnection M Private de-
notes the class of network connections in the private domain (i.e., private network connec-
tion);

e the universal restriction (VR.C), e.g., the description YmBytes.1M denotes the set of net-
work connection which the bit rates are all 1M i.e, one megabytes by second;

e the cardinality restriction constructs (> nR) and (< nR), e.g., the description (> 1PhoneNum)
denotes the class of individuals having at least one phone number, while the description
(< 1Email) denotes the class of individuals that cannot have more than one email address;

e the qualified existential restriction (3R.C), e.g., the description 3mBytes.M ax denotes the
set of network connection which at least one of their bit rates is Max i.e., bigger than one
megabytes by second;

3A is an atomic concept, C and D are concept descriptions, R is a role and n a positive integer or null. #S
refers to the cardinal of the set S.
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Constructors name | Syntax | Semantics AL | ALE | ALN
atomic concept A AT Cc AT v v v
universal concept T AT v v v
bottom concept 1 1] v v v
atomic negation - A AT\ AT v v v
intersection DnC | DInc? v v v
limited existential T4 . R
restriction I {z e APy« (@) € B7} v
universal I T T
restriction VR.C |{zeAT\Vy:(z,y) e RT -yeCT} | vV v v
at least cardinality 7 7
ot feast e > nR | {z € AT|#{y|(x.y) € BT} > n) v
at most cardinality T T

< <
u most ca < nR | {r € AT#yl(e,y) € BT} <} v
exact cardinality v

restriction = n.R | {z € A"|#{yl(z,y) € R"} =n}

qualified existential
restriction

JR.C | {x € AT|Fy: (x,y) € RT vy e CT} v

Table 1.1: DL syntax and semantics of some concept-forming constructs®
with their presence in AL, ALE and ALN.

The first two columns of Table 1.1 illustrates the previous constructors as well as their syn-
taxes. The third column illustrates their semantics. Note that the constructor IR is equivalent
to > nR and = n.R is equivalent to (> nR) M (< nR).

The various description logics differ from one to another based on the set of constructors they
allow. Table 1.1 shows which constructors are present in two AL (Attributive Language) DLs:

o ALE (Attributive Language and full Existential qualification);
o ALN (Attributive Language and cardinality N'umber restrictions).

A concept built using the constructors of a description logic £ is called an L-concept, its
associated description is called an £-description. For instance, we can model ALE-description of
concept describing network connection with a speed of one megabytes by second (i.e., a concept
illustrated in Figure 1.4)* as follows:

NetworkConnection M VnetSpeed.(Speed MY mBytes.1M)

The semantics of a concept description (third column of Table 1.1) is defined in terms of an
interpretation I = (A%, A7), which consists of a nonempty set AZ, the domain of the interpre-
tation, and an interpretation function AZ, which associates to each concept name P € N a
subset PZ of AT and to each role name R € Ng a binary relation R C AZ x AZ. Additionally,
the extension of AZ to arbitrary concept descriptions is defined inductively as shown in the third
column of Table 1.1.

4The Terminology described in Figure 1.4 represents a sample of the domain ontology of the Telecommunication
scenario presented in Chapter 6.
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Terminological and Assertional Knowledge

Given a DL knowledge base two main components can be distinguished: the terminological and
assertional knowledge. The terminological knowledge is also denominated as the Terminological
Box (henceforth TBox). The Assertional Knowledge is also denominated as the Assertional Box
(henceforth ABox). In the following we describe these two levels of knowledge we can model in
a DL knowledge base:

e The Terminological Box, noted 7, contains
intentional (terminological) knowledge in
the form of a terminology. It defines the
structure of the knowledge domain and con-

NetworkConnection M sists of a set of asserted axioms, i.e., the

netSpeed.(Speed nOmBytes. 1M) definition of new concepts in terms of other

previously defined concepts.

SlowNetworkConnection =

e The Assertional Box contains extensional
(assertional) knowledge. Such a knowledge
contains a concrete knowledge domain and
asserted axioms about individuals of the
discourse domain, e.g., an individual is an
instance of a concept or an individual is re-
lated to another by a role.

snc : SlowNetworkConnection

Figure 1.3: Sample of a TBox and ABox.

In other words, the TBox contains the definitions of concepts and roles, while the ABox
contains the definitions of individuals (instances). Intentional knowledge is usually thought to
change rarely and extensional knowledge is usually thought to be contingent, or dependent on a
single set of circumstances, and therefore subject to occasional or even constant change. Figure
1.3 illustrates these two main components while Figures 1.4 and 1.5 denote parts of a TBox of a
Telecommunication domain.

In the following both latter levels of knowledge will be required to model our domain:
o T :=(T,A) of the studied domain
wherein 7 be the TBox and A be the ABox.

DLs are a family of logics that were developed for not only modelling complex hierarchical
structures and also to provide a specialized reasoning engine to perform inferences on these
structures.

Therefore basic inferences on concept descriptions in a TBox (e.g., subsumption checking)
and on individuals in an ABox (e.g., instance checking) can be performed.

In the following two sections we focus on TBox standard reasoning inferences such as sub-
sumption, and also on some non standard reasoning. These inferences will be key in the
rest of this dissertation since they will be re-used to perform composition of services.
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SlowN etworkConnection = NetworkConnection M VnetSpeed.Adsl1 M
FastNetworkConnection = NetworkConnection M VnetSpeed.AdslMax
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ZipCode = ~Email, Invoice = ~Service

IPAddress = Address M Yprotocol.I P
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Figure 1.4: Part of the Terminological Box 7 of an ALE Telecom Ontology T

Invoice

[ SlowNetwork Connectioﬁ IPAddres$ (VolPId VideoDecodeﬂ

[ FastNetwork Connectio}

IsA Relationship

Figure 1.5: A graphical (hierarchy) View of Ontology depicted in Figure 1.4.

1.2.3 Inference in Description Logics

Here we remind standard inferences in DLs, and finally we describe the notion of difference
between descriptions which is the core operation that we use in our framework.

Standard Inferences

Based on DL semantics and the terminological knowledge 7 of a knowledge base, basic DL
inferences on 7 are as follows: satisfiability, subsumption, equivalence and disjointness [58] on
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7.

Definition 3. (Satisfiability, Subsumption, Equivalence and Disjointness)

e Satisfiability. A concept C is satisfiable with respect to T if there exists an interpretation
T of T such that C* is nonempty. In this case we say also that T is an interpretation of

C.

o Subsumption. A concept C is subsumed by a concept D with respect to T iff C* C DT
for every interpretation T of T. In this case we write T = C C D.

e Equivalence. Two concepts C and D are equivalent with respect to T iff C* = DT for
every interpretation T of T. In this case we write T = C = D.

e Disjointness. Two concepts C and D are disjoint with respect to T iff C* N DT = for
every interpretation I of 7T .

Such basic inferences are required not only to maintain and to guarantee consisteny of DL
knowledge bases but also to classify them. For instance, the TBox classification aims at placing a
new concept in the suitable place in a taxonomic hierarchy according to the partial order induced
by subsumption relationships among the other defined concepts.

Example 1. (Tllustration of Standard Inferences)
With respect to the TBox T in Figure 1./, we have the following subsumption relationships:

o 7 |= NetworkConnection 11 SlowNetworkConnection;
o T |= NetworkConnection 1 FastNetworkConnection;
o 7 |=AdslIM[C Speed;
o T |= AdslMaz T Speed;
Moreover we can infer the following pairs of disjoint concepts:
e 7 |= ZipCodeMEmail C L;
e 7 |= Invoicell Service C L;

The concept ZipCode is disjoint from concept Email since ZipCode is subsumed by the negation
of Email.

In litterature of the semantic Web, DLs such as ALE and ALN are used to encode domain
ontologies since they provide an interesting trade-off between expressivity and complexity. In
the same way we focus on the ALE and ALN DLs to encode our ontologies.

On contrary, the semantics of unrestricted RDF-S and OWL-Full is non-traditional and the
reasoners built for OWL Full fragment tend to be sound but incomplete. Indeed there is no
straight-forward way to extend the existing reasoners to support the full expressivity of OWL-
Full.

Although the previous standard inferences help structuring a knowledge base e.g., by auto-
matically building a (consistent) concept hierarchy, there are still some limitations. Indeed the
standard reasoning are, for example, not appropriate when it comes to (automatically) generating
new concept descriptions (e.g., least common subsumer [47], most specific concept [18], concept
difference [35, 198], concept abduction [55]) from given ones. Therefore, besides the standard
inferences, additional, so called non-standard inferences, are required [102].
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A Non Standard Inference in Description Logics: The Difference Operation

In this section, we focus on one category of non standard inferences i.e., the difference operation
between two concept descriptions. More specifically we investigate on the definitions of semantic
difference [198], syntactic difference [35] and concept abduction [48, 55, 49] in DLs.

The semantic difference, first introduced by [195], enables us to remove from a given descrip-
tion all the information contained in another description. The difference between two concept
descriptions C' and D with C' C D is given by the following definition.

Definition 4. (Semantic Difference)
Let C, D be two concept descriptions with C & D. The semantic difference C — D of C' and D
is defined by:

C—-D:= mjaX{B|BI_IDEC} (1.1)

Roughly speaking, the latter difference is defined as being a description containing all infor-
mation which is a part of the description C' but not a part of the description D. This definition
of difference operation requires that the second operand subsumes the first one. However, in case
the operands C' and D are incomparable with respect to the subsumption relation (i.e., C' is not
subsumed by D), then the difference C'— D can be given by constructing the least common sub-
sumer of C and D, that is, C — D := C — lcs(C, D). It is worth noting that, in some description
logics, the set C' — D may contain descriptions which are not semantically equivalent.

Example 2. (Redundancies in Semantic Difference [198])
Consider the ALN descriptions C = (VR.Py) N (VR.—P1) and D = (VR.P2) M (VR.(< 45)). The
set C' — D includes the non equivalent descriptions (VR.—Py) and (VR.(> 55)).

Even if [198] provides sufficient conditions (i.e., structural subsumption relation) to charac-
terize the uniqueness of difference, some TBoxes cannot be considered. [36, 35, ] proposed a
refinement of the previous definition 4 by taking the syntactic minimum (w.r.t a subdescription
ordering =<4 [19, 36, 35, ]) instead of a semantic maximum.

In this way [35] used the subdescription ordering < to deal with syntactical redundancies and
then find a compact representation of the difference of two concepts in ALC or ALE. Moreover
they defined the difference between two (in)comparable concept descriptions C' and D.

Definition 5. (Syntactic Difference [35])
Let C, D be two concept descriptions. The syntactic difference C\D of C' and D is defined as the
syntactic minimum with respect to the subdescription ordering =4.

C\D := n<1in{B|B nD=CnDbD} (1.2)
d

Intuitively, the idea is to remove all subdescriptions from C which are either redundant in
C or already present in D. It should be noted that in case of C' C D, and thus, CM D = C,
the only difference to [198)’s difference operator is that the minimum with respect to <4 is used
instead of the maximum with respect to C.

Finally, it should be noted that a priori the syntactic difference between C' and D is also
not uniquely determined. By abuse of language and notation, we will still refer to the difference
C\D.

Example 3. (Syntactic Difference Illustration)

Let SlowN etworkConnection and N etworkConnection be two ALE descriptions illustrated in
Figure 1.4. According to Definition 5, the description missing in NetworkConnection to be
SlowN etwork-Connection is referred by
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e SlowNetworkConnection\ NetworkConnection := VnetSpeed.Adsl1M.

Even if Definition 4 captures the real semantic difference between two concept descriptions,
Definition 5 has two main advantages. Firstly it does not contain redundancies in its result and
secondly it is more readable by a human user.

Considering an ALN DL, Concept Abduction [48, 55] is also able to compute a concept
expression B representing what is underspecified in D in order to completely satisfy C taking
into account the information modelled in a TBox 7.

Definition 6. (Concept Abduction Problem)

Let L be a DL, C, D be two concepts in L, T be a set of axioms in L and A be a set of
assertions. A Concept Abduction Problem (CAP), denoted as (L,D,C,T) consists in finding a
concept B € L such that (T,A) E DN BLCC.

Concept Abduction may appear similar to Concept Difference [198], yet it is not so. In-
deed performing a difference operation requires a subsumption relation between descriptions to
be matched since Concept Difference 4 requires the extra strict condition C' & D. This strict
condition may make Concept Difference 4 hard to use in a matchmaking process (e.g., Inter-
section match level), where descriptions overlap is usually a sufficient condition to start the
process. However Concept Difference 4 and 5 are more accurate than Concept Abduction since
4 and 5 perform an equivalence between two concept descriptions ((7,.A) = BN D = C or
BN D = CnD) whereas the Concept Abduction computes a subsumption of concept descrip-
tions ((7,A) BN DCC(C).

In the following we suggest to use definition 5 since

i) its result will be reused by human user in our semantic web service composition framework,

ii) its result is more accurate than Concept Abduction,

)
)
iii) its result does not contain redundancies,
)
)

iv) it is defined for incomparable descriptions without major change of the definition,

v) it is also defined for ALE descriptions logics.

1.2.4 Synthesis

The semantic Web has the potential to provide the web services infrastructure with the semantic
information that it needs. It could provide formal languages and ontologies to reason about
service descriptions, message content, business rules and relations between these ontologies. In
this way, the semantic Web, its underlying formal logic and web services are synergistic: the
semantic web transforms the Web into a repository of computer readable data, while web services
provide the tools for the automatic use of that data.

1.3 Semantic Web Service

Semantic web services result from the integration of semantic metadata, ontologies, formal tools
and the web services infrastructure.

A semantic web service is described as a web service whose internal and external description
is in a language that has well-defined semantics [197]. The result of using the semantic web is an
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unambiguous description of the interface of the Web service which is machine understandable and
provides the basis for a seamless interoperation among different services. Specifically, semantic
web services rely on the semantic web to describe:

e rich functionality of functional level based Web services such as:

— their functional operations and parameters;

— the content of the messages that they exchange.
e behaviour of process level based Web services such as:

— the order of the messages exchanged;

— the state transitions that result from such exchanges.

Figure 1.6 illustrates these two levels of semantics in an extended Web service specification
stack.

& Domain Categorizatio Service Semant
E= " i OWL, RIF

- " Crtoogy " Capabiy | Croreoarery | Py | Gy

by . . . _ . Service Ontology
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c

>, : L - WSDL, XML
1) [Schemas] [Interface] [ Operatlo}‘n[ Blndlngs] [ Serwc% Schema, XML
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[

Figure 1.6: Process and Functional Level Description of Semantic Web Services in an Extended
Service Specification Stack.

Therefore, description of semantic Web services is unambiguously computer interpretable,
and facilitates maximal automation and dynamism in web service discovery [24], selection [208],
composition [175], choreography [66], orchestration [32], invocation, monitoring, management,
recovery and compensation.

In parallel, the use of the semantic web to describe web services has wide ranging conse-
quences. It allows the description of additional properties of web services, such as the quality of
service and security constraints in a coherent and uniform way that is universally understood.
Furthermore, and most importantly, the description of the states produced by the execution of
the web service is the basis for the description of its capabilities as a transformation from its
input parameters and preconditions, to its output parameters and effects.

In the rest of this section, we first focus on semantic Web service at functional level. Then
we present the standard language proposals used to describe semantic web services.
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1.3.1 Semantic Web Service Description at Functional Level

At functional level, semantic Web services are described in the same way as Web services
i.e., service name, operations names, message names (also known as input and output mes-
sages/parameters), interface name. The major change and benefit is about their description:

In the semantic Web, input and oulput parameters of Web services are described by
means of DL descriptions in a domain ontology.

The latter parameters (i.e., inputs and outputs) characterize respectively knowledge precondi-
tions and knowledge effects of executing web services®. In contrary effects characterize physical
effects of executing services whereas preconditions characterize the conditions under which a
particular service may be executed.

Input and Output Parameters of Web Services

In the functional level of semantic Web service description, all input and output parameters
of semantic Web services refer to concepts in the TBox 7 of a domain ontology 7. In other
words syntactic Web services have been enhanced with semantic annotation of their functional
parameters.

Example 4. (Some Web Services at Functional Level)
In the following example, we consider six Web services® defined at functional level i.e., input and

output parameters are annotated by means of concepts in the TBox T (1.4) of a domain ontology
T.

e AdslEligibility-, AdslEligibility and AdslEligibility+, that, starting from a Pho-
nelNum, a ZipCode and an Ematil address, returns respectively the SlowNetworkConnection,
NetworkConnection and FastNetworkConnection of the desired zone;

e VoiceOverIP, that, starting from a PhoneNum and a SlowNetworkConnec-
tion, returns the VoIPId of the ADSL line a Telecom operator needs to install the line;

e TwOverIP, that, starting from a PhoneNum and a FastNetworkConnection, returns a serial
number of a VideoDecoder required to access video over IP;

e g LiveBoz service returns the Invoice of the commercial offer the user requested, depending
on a PhoneNum, IPAddress and serial number of a Decoder.

Such services require and provide some information. On the one hand Web services require
some instances (defined in A) of their input parameters (defined in 7') to be executed. On the
other hand Web services return some instances (defined in A) of each output parameters of the
latter services.

Example 5. (A Semantic Web Service at Design and Run Time)

Suppose AdslEligibility be one of the Web services illustrated in the previous example. Such
a Web service (Figure 1.7(a)) is semantically enhanced by means of semantic annotation of its
functional parameters:

1. input parameters i.e., Phone Number, ZipCode, EMail;

51n the rest of the Ph.D report, we assume without loss of generality that each Web service (at functional level)
have one operation. However we keep in mind that Web services may have more than one operation in general.

6The six Web services described in this Chapter represent a sample of the set of 35 Web services defined in
the Telecommunication scenario in Chapter 6.
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2. output parameters i.e., Network Connection,

the whole with respect to the domain ontology T and TBox T (Figure 1.4). Once its execu-
tion is performed we obtain an instance of Network Comnection which is in the ABox i.e.,
Id_NC_Fast_1024_EligibleMaz (Figure 1.7(b)). To this end the three input parameters of the
service have been first instantiated.

s ! Adsl 1
! ZipCo‘de — | Eligibility |—= Network Connection !

EMail —| Service 7

~

““Semantic Annotation of Services with TBox Elements

(a) Semantic Description of a Web Service.

+33 299 124&2!’ — Adsl

! 35 5g2 T Ellglblllty ——= Id_NC_Fast_1024_EligibleMax i
}freddy.Iecue@orange—ftgroup.’com—g Service 7 |

~

“Instanciation of functional parameters of
Services with ABox Elements

(b) Instanciation of a Web Service at Run Time.

Figure 1.7: Illustration of a Semantic Web Services.

Roughly speaking, given a set of instances in an ABox, semantic Web services are able to
generate some instances of (potentially new) concepts, depending on their semantic definitions.

Preconditions and Effects of Web Services

In addition to input and output parameters, preconditions and effects can be required by some
Web services. The latter parameters are modelled as conditions on input and output parameters.

Example 6. (Preconditions of Semantic Web Services)
Suppose Example /. The AdslEligibility-, AdslEligibility and AdslEligibility+ services
require

e PhoneNum ph to be a French phone number i.e., FrenchPhone(ph);
e ZipCode zc to be a French zip code i.e., FrenchZip(zc);
e Email address to be a valid address i.e., validMail(e).

before execution. Same category of preconditions can be added to preconditions of Web services
presented in Example /.
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Example 7. (Effects of Semantic Web Services)

Suppose FExample 4. The AdslEligibility service returns a NetworkComnection nc of the
desired zone, which is valid after execution i.e., validNC(nc). Same category of effects can be
added to preconditions of Web services presented in Example /.

Such parameters respectively further restricts the domain on input and output parameter of
Web services. Therefore we limit the set of instances in an ABox that can meet the constraints
of Web services parameters.

Information-Providing and World-Altering Services

In this Ph.D report we will focus on two classes of Web services i.e., information-providing
services and world-altering services.

Definition 7. (Information-Providing Service)
An information-providing service (aka sensing or information-gathering action in AI planning)
is described by means of only input and output parameters.

Definition 8. (World-Altering Service)
A world-altering service requires preconditions and provides side effects.

Roughly speaking world-altering services are services that change the state of the world (e.g.,
any buying service) and information-providing services are services that provide some actions of
sensing to gather relevant information (e.g., a weather forecast service).

1.3.2 Some Standard Proposals

The field of semantic web service, which got under way around 2001 [200, ], includes substan-
tial bodies of work, such as the efforts around:

e an ontology for Web services:

— OWL for Services i.e., OWL-S (formerly DAML-S) [12];
— the Semantic Web Services Ontology i.e., SWSO [179];
— the Web Services Modeling Ontology i.e., WSMO [60];

e an extension of a Web service standard:
— the Semantic Annotation for WSDL i.e., SA-WSDL (formerly WSDL-S) [192, 59].

These proposals of semantic web service standard attempt to close the gap between the semantic
web and the web services infrastructure.

This section focuses its attention on the previous efforts and their relation. However other
approaches with more limited focus can be found, for instance, among the submissions to Se-
mantic Web Service Challenge 7. In the rest of this section, we briefly describe and give some
relevant references on the most complete framework i.e., OWL-S. Then SWSO and WSMO, are
described and compared with OWL-S. Finally SA-WSDL? is presented. Table 1.2 summarizes
the functional, process and invocation levels used to describe Web service in the latter standard
proposals.

"http://sws-challenge.org/

8SA-WSDL and WSMO are the languages we used to describe semantic web services involved in
industrial application such as in France Telecom R&D. However it is straightforward to interchange the semantic
web service language we use without loss of generality
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Table 1.2: Fucntional, Process, Invocation Levels and Execution Environment in OWL-S,
WSMO, SWSO, SA-WSDL. Legend: X = not supported, * = level of expressivity.,Inv. = Invo-
cation, Env = Environment.

OWL-S

The first major ontology for describing web services is OWL-S? [12]. As ontology, OWL-S is
based on OWL to define the concept of web service within the semantic web. In addition it
provides a language to describe semantics of actual web services that can be discovered and then
invoked using standards such as WSDL and SOAP. OWL-S uses the semantic annotations and
ontologies of the semantic web to relate the description of a Web service, with descriptions of its
domain of operation.

OWL-S requires that web services be represented by a specification of their capabilities, a rep-
resentation of their interaction protocol and a specification of how to compile the actual messages
to exchange.

To this end, an OWL-S web service is defined as a OWL class with three properties which
relate the Web service to the 1) service profile, ii) the service model process and iii) the service
grounding.

The service profile provides a representation of the capabilities of the web service in terms
of the input, preconditions and output, effects transformation that it produces and of a set of
non-functional parameters that specify availability, quality and other properties of the service.

The service model process provides a detailed view of process of the web service from which
the requester can derive the interaction protocol with the provider.

Finally the grounding maps the process model into a WSDL specification of how to interact
with the web service. OWL-S reliance on WSDL provides the bridge between the semantic web
and the web services infrastructure.

Yhttp://www.w3.org/Submission/OWL-S/
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SWSO

The Semantic Web Services Framework (SWSF)!0 [179], initiated by the Semantic Web Services
Initiative, builds loosely on OWL-S to provide a more comprehensive framework, in the sense of
defining a larger set of concepts. SWSF specifies a Web-oriented language, SWSL, with a logic
programming layer and also a first-order logic layer. Since SWSO is completely axiomatized in
first-order logic, it avoids the need to use hybrid (DL-based and FOL-based) reasoning as is the
case with OWL-S.

In such a framework, Web services are specified by means of three classes i.e., the service
IOPEs, the process model and the service grounding.

It uses SWSL to define an ontology of service concepts (SWSO), and takes advantage of
SWSL’s greater expressiveness (relative to OWL) to more completely axiomatize the concepts.
In the same way as the service profile of OWL-S, the service IOPEs defines IOPEs as concepts of
an ontology. However this level is more expressive since message type exchanged by Web service
can be given.

The process model od SWSO is built on a mature pre-existing ontology of process modelling
concepts, the Process Specification Language (PSL) [12]. This specification is more espressive
than the service model process of OWL-S. For instance OccActivity that satisfies the occurrence
constraints on subactivities, TriggeredActivity as activity which occurs whenever a state condition
is satisfied, can be both expressed in SWSO.

The essence of the service grounding approach of SWSO is to establish a mapping between
selected message-oriented constructs in SWSO and their counterparts in WSDL service descrip-
tions. An extension to BPELAWS!! [10] is also possible.

WSMO

The Web Services Modeling Ontology (WSMO)!? [60] shares with OWL-S and SWSF the vi-
sion that ontologies are essential to support, for instance, automatic discovery, inter-operation,
composition of Web Services. Therefore, as OWL-S and SWSO, WSMO is an ontology for de-
scribing various aspects related to semantic web services. Moreover, in the same way as SWSF,
the WSMO effort defines an expressive Web-oriented language, WSML [107], which provides a
uniform syntax for sub-dialects ranging from description logic to first-order logic.

Like OWL-S and WSMO, Web services are specified by means of three classes i.e., the service
capability, the process choreography, orchestration and the service grounding.

WSMO declares the service capability i.e., inputs, outputs, preconditions, and results (al-
though using some-what different terminology) associated with services

Unlike OWL-S and SWSO, WSMO does not provide a notation for building up composite
processes in terms of control flow and data flow. Instead, it focuses on specification of internal
and external choreography and orchestration using an approach based on abstract state machines
(with guarded transitions).

The service grounding of WSMO is defined in the same way as the one of OWL-S. This task
is achieved by mediator, which is a key concept in WSMO. In WSMO’s approach, mediators
perform tasks such as translation between ontologies, or between the messages that one web

1Ohttp:/ /www.w3.org/Submission/SWSF-SWSO/

1 BPEL4WS provides a language for the formal specification of business processes and business interaction
protocols. By doing so, it extends the Web Services interaction model and enables it to support business trans-
actions.

2http:/ /www.w3.org/Submission/ WSMO-primer/
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service produces and those that another web service expects. WSMO includes a taxonomy of
possible mediators that helps to classify the different tasks that mediators are supposed to solve.
The definition of mediators in WSMO calls attention to some important translation tasks asso-
ciated with web services. Not surprisingly, these same translation tasks are needed in support
of interactions with OWL-S described Web Services. Some OWL-S based systems [154, , 99]
also make use of mediator components. However, rather than requiring the existence of a distin-
guished type of entity in the Web Services infrastructure, OWL-S takes the view that mediators
are services and as such these mediation services can use the mechanisms provided by OWL-S
for discovery, invocation and composition.

Other distinguishing characteristics include WSMO’s emphasis on the production of a refer-
ence implementation of an execution environment, WSMX, and on the specification of mediators
(i.e., mapping programs that solve the interoperation problems between Web Services).

SA-WSDL (formerly WSDL-S)

Recently the W3C produced a standard set of “Semantic Annotations for WSDL and XML
Schema” (SA-WSDL). Contrary to OWL-S, SWSO and, WSMO, SA-WSDL is not defined as an
ontology for Web services. SA-WSDL'3 [192, 59, ] is a set of proposed extensions for WSDL,
by which semantic annotations may be associated with WSDL elements such as operations, input
and output type schemas, and interfaces.

SA-WSDL aims to support the use of semantic concepts analogous to those in OWL-S
while being agnostic to the semantic representation language [59].

The way in which SA-WSDL allows one to specify a correspondence between WSDL elements
and semantic concepts is very similar to how the OWL-S grounding works. Indeed, something
very much like OWL-S declarations could be used as the referents of the SA-WSDL attributes.

In the same way as WSMO, the former version of SA-WSDL i.e., WSDL-S [3] can be asso-
ciated with an execution environment and tools known as METEOR-S'* [163], but comparison
with tools and environments is beyond the scope of this Ph.D thesis.

As suggested by [131], using SA-WSDL with OWL-S and other previous semantic web services
frameworks as the source of annotation referents is a direction to couple strength of OWL-S
and weakness of SA-WSDL. The most notable difference between SA-WSDL and the OWL-S
grounding is that with SA-WSDL the correspondence must be given in the WSDL document,
whereas with OWL-S it is given in a separate OWL document. Thus, the aims of SA-WSDL are
compatible with those of OWL-S, but SA-WSDL focuses on the practical advantages of a more
lightweight, incremental approach.

Some Alternative Proposals

Alternative languages for semantic web services such as BPEL4SWS [65] (i.e., a semantic adap-
tation for BPEL), SPATEL [30] (i.e., an naive alternative to OWL-S), USDI [21] are still under
development.

13 A W3C recommendation since August 2007, the 28t http://www.w3.org/TR,/2007/REC-sawsdl-20070828/
Mhttp://lsdis.cs.uga.edu/projects/meteor-s/
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Discussion

SA-WSDL is the first step toward standardizing semantic web service. It forms the basis for
interoperation between the various semantic web service efforts that previously could not seem
to find any common ground. As we have shown, SA-WSDL itself is not a complete technology
for allowing automation. Indeed we have to provide a service ontology and the appropriate
domain ontologies to describe web services. The major semantic web service frameworks (OWL-
S, SWSO and WSMO) have already started to embrace SA-WSDL for grounding (connecting the
semantic framework to the WSDL descriptions of web services). The next step is to rework these
frameworks with SA-WSDL in mind, refactoring them into parts that can be attached using
SA-WSDL annotations. Such a refactored framework based on RDF and OWL would likely be
the basis for further standardization in the W3C.

1.4 Discussion

Services technologies are being shaped by, and increasingly will help shape, modern society as
a whole, especially in vital areas such as dynamic business, health, education and government
services. Applying services technologies leads to reduced complexity and costs, exposing and
reusing core business functionality, increased flexibility, resilience to technology shifts and im-
proving operational efficiency.

For all these reasons, it is expected that the Service Oriented Computing paradigm will exhibit
a steeper adoption curve, as it solves expensive and intractable business and technology prob-
lems, and will infiltrate more of the applications portfolio, than previous application technologies.

As previously said, key to developing service-based applications is the SOA and more spe-
cially web services. Currently, the SOA provides the basic operations necessary to describe,
publish, find and invoke services. However, those basic operations while they help services to be
ubiquitous and universal are not a complete solution.

The AT and semantic Web community has concentrated their efforts in giving richer semantic
descriptions of web services that describe the properties and capabilities of web services in an
computer-interpretable form.

Indeed, for services to be used widely, these additional functionalities have to be considered
for achieving (in parts) dynamic and automated service discovery, composition, and invocation
of services over the Web. Towards these issues, semantics seems an interesting investigation field
to overcome the latter issues. Such concerns are addressed by the semantic web service initiative,
which targets the use of formal languages for semantically describing all relevant aspects of Web
services.

However, it is stems that actual work on semantic web services does not yet overcome the
latter challenges. On the one hand, there are quite a few challenging problems for the near
future as regards the service specification. On the other hand, even if standards for semantic
web services are considered there are still notable challenges including, for instance, dynamic
service discovery, composition, execution, and management.



Chapter 2

Web Service Composition

The full potential of web services as a means of developing dynamic e-Business solutions will
only be realised when applications and business processes will be able to integrate their com-
plex interactions into composite added value services. Web services technologies offer a viable
solution to this problem since they support coordination and offer an asynchronous and message
oriented way to communicate and interact with application logic. Therefore, automated Web
service composition has attracted great interest in the research community.

In our work we will focus on goal-oriented Web service composition. The latter goals is
defined according to Definition 9.

Definition 9. (Goal of a Composition) Given a TBox T of a domain ontology T and its
ABoz A, a goal of a Web service composition is defined by a set of n concept descriptions
Cii<i<n € T. Such a goal consists in discovering by composition of Web services new ABox
elements which are instances of each C;.

According to Section 1.1.3, Web service can be described at two different levels i.e., the
functional and process level. Therefore these latter levels provide different functionalities to
support efficiently their level of composition i.e.,

e functional level composition;
e process level composition.

Indeed the process related to their composition varies from one level to another one since different
description requirements, results and issues are involved.

In the same way as both levels of Web service description, both previous levels of composition
are complementary, and then can be combined. For instance Web service composition can be
achieved by first a level of functional composition, and then a level of process level composition.
That is why a description and main references on process level of composition models are briefly
reviewed in this Chapter. These models would be selected, depending on the user requirements,
to couple and combine any one of them with our functional level based composition (see Chapters
3,4, and 5).

This chapter surveys a representative set of existing literature that is related to the work
presented in this thesis. The chapter is divided into five main sections. The first section defines
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web service composition at functional level and provides a literature review of the state-of-the-
art i.e., the most closely related work to our Ph.D studies. Moreover this section identifies the
main challenges towards automation of Web service composition. The second section defines web
service composition at process level and briefly focuses on related work. In section 2.3 we focus
on the complementarity feature of the two different approaches. Section 2.4 briefly overviews
two methods to model web service composition i.e., Orchestration and Choreography. Finally
section 2.5 draws some conclusions.

2.1 Functional Level Composition

In this section, we first describe functional level composition (henceforth FLC) in details and
focus on two key concepts to achieve such a level of composition i.e., semantic dependences and
causality relationships between services. Then we will review related works of two main categories
of compositions, which are roots of FLC:

o Matchmaking and semantic dependences based composition;
o Al planning and causality relationships based composition.

Each model together with their advantages and limitations will be studied in a detailed and
critical analysis.

2.1.1 Description

Functional Level Compositions, also known as data flow driven compositions [104, , , D2,
] consider composition of web services which are described on a functional view.

As highlight in Section 1.1.3 functional level based Web services are restricted to atomic
interactions i.e., black boxes which are defined only in terms of their input and output parameters
as well as of their preconditions and effects. In this direction FLC addresses the following issue:

FLC addresses the problem of selecting a set of web services that, combined in a suitable
way, are able to perform a composition goal.

In such a context the composition goal is defined as the overall functionality that the com-
posed service should implement, again in terms of its inputs, outputs, preconditions, and effects
(i.e., functional level).

By considering such a level of description, FLC is very much related to traditional Al planning
[187, 52]. The available web services correspond to planning operators that require certain input
parameters and preconditions and provide some output parameters and effects. The planning
results is a partial ordering of web services arranged in a simpler version of a workflow in order to
fulfil the composition goal. In such approaches the resulting partial ordering of services consists
of:

e causal laws between some of its services.

The causal laws are not only i) causality relationships between effects and preconditions of ser-
vices (also known as causality relationships between services) but also ii) complex relationships
between services (e.g., relationships that link an input parameter of a service to an output pa-
rameter of another service under some conditions). Therefore they first ensure that preconditions
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of services are satisfied before any service execution. Moreover they add an explicit and complex
relationship between parameters of different services.

Unlike approaches which have roots in Al planning, other approaches re-use semantic de-
scription of web service to perform automated composition. In such approaches the resulting
composition consists of

e semantic dependences between some of its services. These dependences can be inferred
through semantic matchmaking.

The semantic dependences link functional parameters of services through their output and input
parameters. In other words these dependences are required to semantically link output to input
parameters of Web services. The semantic dependences between web services are considered
as an important issue to form new value-added services at functional level. In this spirit, [52]
combine Web service discovery and FLC together, as complementary processes, to find a chain
of suitable web services.

The Figure 2.1 illustrates an ideal functional composition of Web services that assumes se-
mantic descriptions on input, output parameters together with preconditions and effects on Web
services’ parameters.

The functional description of web services and composition goals can be provided, for instance,
by means of some standard proposals such as the OWL-S Service Profile [12], WSMO Service
Capability [60], or SA-WSDL specification.

2.1.2 Matchmaking and Semantic Dependences based Composition

In this section we first present some backgrounds on matchmaking of semantic web services i.e.,
a key concept to compute compositions of services wherein semantic dependences are involved.
From this definition, we review main related work in matchmaking and semantic dependences
based Composition and closest to our approach i.e., [174], [188], [105] and [15].

These approaches adapt semantic matchmaking for retrieving composition by means of se-
mantic dependences between output and input parameters of web services.

Concepts and Definitions

Here, we will describe how the existing work on DL reasoning and semantic matchmaking have
been used to facilitate semantic web service matchmaking i.e., a key issue in FLC. From this,
we will discuss how the matchmaking task is related to FLC and then explore these functional
parameters matchmaking based-FLC in details.

a) Matchmaking and Semantic Web Service Discovery:

Matchmaking on semantic web services has been first primarily studied in the field of service
discovery. Given a set of service advertisements S, and a service request S,., a discovery process
aims at computing subsumption relation between the previous services S, and S, in order to
retrieve the most close service of S, (Figure 2.2(a)). The subsumption relation is valued between
functional parameters of Web services, especially their input and output parameters, which are
defined as concept (using DL descriptions) of a domain ontology 7.

The matchmaker, introduced by [152], is the first system that implemented this idea of
semantic based Web service discovery.
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Figure 2.1: An Ideal Functional Level Composition of two Web Services with Semantic Depen-
dences and Causal Laws.

This matchmaker system uses OWL-S profiles to describe service requests as well as the
services advertised. From this, a service provider publishes an OWL-S description to a common
service repository and a service requester specifies a service profile, still in OWL-S, for the desired
service she wants to dynamically retrieved.

The request profiles S, are then matched by the service registry to advertised profiles S, using
DL reasoning (standard DL reasoning such as subsumption in the first version of the matchmaker)
as the core inference service. In particular, the matchmaker computes subsumption relations
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between each individual input, output parameter of the request .S, and the advertisement service
profile Sj,.

If the DL concepts of the corresponding parameters are equivalent, there is an Exact and
thus best match. If there is a subsumption relation between S, and S,., there is i) a PlugIn
in case S, is more specific than S,, and a ii) Subsume in case S, is more specific than S,.
Otherwise there is no subsumption relation, then there is no match i.e., Disjoint.

More formally, the basic relations used in the matchmaker of [152] are as follows:

e Exact. If advertisement S, and request S, are equivalent concepts, it is called an Exact
match; formally, 7 = S, = S,.

e PlugIn. If request S, is sub-concept of advertisement S,, it is called a Plugln match;
formally, 7 = S, C S,.

e Subsume. If request S, is super-concept of advertisement S,, it is called a Subsume
match; formally, 7 = S, C S,.

e Disjoint. Otherwise, S, and S, are incompatible; formally 7 = S, 1S, C L.

Another efficient and less basic approach consists in valuing the Intersection matchmaking
[124] between two service profiles. For example, in case the subsumption relation between the
advertisement and request profiles is not satisfiable, the Intersection matchmaking may be
assigned when their DL intersection is not empty, In other words advertisement and request
descriptions are not disjoint and relaxing some of the constraints on the request may provide
better results. Therefore we may add:

e Intersection. If the request S, has common descriptions advertisement S,, it is called a
Intersection match; formally, 7 |~ S, M S, C L.

Even if the latter matchmaker is used for discovery purposes by trying to find a semantic
relation between services (i.e., semantically close services), it can also be adapted for achieving
semantic web service composition at functional level.

b) Matchmaking and Functional Level Composition

In Web service discovery, matchmaking is performed on same categories of parameters i.e.,
pair of inputs, or pair of outputs. On contrary functional level composition of Web services
can be addressed, by studying matchmaking on pairs of distinct output and input parameters
of different Web services S, and S, (Figure 2.2(b)). More specifically, the approach consists in
computing a set of pairs as matchmaking tasks to retrieve semantic similarities and dependences
between such parameters of Web services.

From these dependences and given a set of relevant Web services, a process is required to
compose them in order to achieve a given goal e.g., an abstract service defined in terms of input
and output parameters.

In the next section we will focus on related work of web service composition that performs
FLC, mainly, by means of semantic dependences and matchmaking between their functional
output and input parameters. The following four works have been studied in details for this
main reason.
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Figure 2.2: Matchmaking for Discovery and FLC.

A Logic based Approach

Towards the issue of FLC, [174] (also discussed in [175]) introduces a method for automatic com-
position of semantic web services using Linear Logic theorem proving as a composition
mechanism.

On the one hand, Linear Logic is used to formally define static definition of web services
i.e., functional and non functional parameters (e.g., qualitative and quantitative values) of web
services. They restrict the expressiwity of functional parameters of services to be inputs and out-
puts, but not preconditions or effects. On the other hand, Linear Logic, as a logic for specifying
concurrent programming, has close relationship [1, 22] with m-calculus (i.e., the formal foun-
dation of many Web service composition languages). Such a logic provides higher expressive
powers in the modelling of dynamic behaviour (mainly sequence and non concurency)
of composite web services than classical logic. However conditional compositions of Web services
are not supported in Linear Logic. Indeed their services consisted only of determinist output
parameters.
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From the service description they elaborate Linear Logic extra logical axioms for each service.
These axioms describe the functional description of services in terms of their input and output
parameters.

Besides the latter axioms, [174] extends their initial Linear Logic theory by introducing ad-
ditional axioms related to semantic similarity between output and input parameters of
services. In their approach the matchmaking functions are restricted to the subsumption relation
i.e., Exact, Plugln, Disjoint to value this similarity. Such similarities define their composabil-
ity criteria (relations between Web services in a composition) in their model. To this end they
exploit a semantic reasoner to detect the subsumption relationships between functional pa-
rameters at design time i.e., DAML concepts in their approach.

Such relationships are defined as axioms of their model, and can be represented by Linear
Logic implication, thus they can be asserted into their Linear Logic theorem prover as axioms.
This ensures the flexibility of the model.

By considering the two latter axioms their approach is twofold: i) first the process model of a
composite service can be generated directly from the complete proof, and ii) in case all subsump-
tion relations have been detected by the semantic reasoner, the web service composition system
can deal with matchmaking of parameters during the composition process. Thus their Linear
Logic theorem prover can deal with both the service specification and the semantic annotations.

In the same way as [208] the authors focus on non-functional parameters (e.g., quality
of services) to model optimization criteria. In particular they consider the latter parameters
directly in the theorem proving process in order to satisfy the user requirements.

Their method uses DAML-S (the former version of OWL-S) as a semantic web service lan-
guage to describe services and their composition, and then ensures the industrial applicability
of their approach.

A Semi-Automated Approach

FLC of web services has also been discussed in [188]. Their authors provide a composition tool
that supports the end user to compose web services in a semi-automated way.

In such an approach, services are defined as actions with restricted expressivity i.e., input and
output parameters, without notion of preconditions and effects. However the result of this ap-
proach supports expressive compositions such as sequential, conditional and concurrent
compositions.

The end user selects her best web services (depending on her composability criteria e.g.,
semantic connection computed at design time or non functional criteria) for each abstract
activity in the composition.

In their approach the possible semantic connections are restricted to the subsumption relation
i.e., Exact, Plugln, Subsume and Disjoint. Unlike [174], they extend the composability with the
Subsume matchmaking level. From these different levels of matchmaking type, they introduce a
partial order on them such that the rank of the matches are lowered when the distance between
the two DL descriptions in the ontology tree increases.



CHAPTER 2. WEB SERVICE COMPOSITION 40

Upon selecting a web service, the services that can produce output that could be fed as the
input of the selected service are listed after filtering based on profile descriptions. The restricted
list of services are selected on semantic matchmaking retrieved between the latter output and
input parameters. The end user can then manually select the service that she wants to fit in at a
particular activity. After selecting all the services, the system generates the composite process.
The final flow specification to semantically link web services is then created in a semi-automated
way. The semi-automation of the composition process limits the flexibility of the model.

The execution is done by calling each service separately and passing the results between
services according to the flow specifications.

In this approach, optimal composition of services is computed by considering local and man-
ual selection of semantic connections. Indeed, during the composition process, the end-user may
only choose the best local semantic web services, depending on its semantic connection with its
previous services.

In their approach the end user is required at each service (industrial applicability in DAML-
S) selection step of the composition process (also described in DAML-S).

The strength of their system is to enable step-wise composition of services, where the filtered
services presented at each step depend on the services chosen at the previous step and their
constraints.

A Basic but Efficient Approach

The authors of [105] have addressed in more detail the problem of interleaving web service dis-
covery and composition by applying a Breadth-first search.

In more details, they consider a restrictive definition of Web services i.e., services with at
most one input and one output parameters, and no preconditions and effects (i.e., the simplest
case for a service composition). In the same way the expressivity of compositions is reduced
since they plan to compute simple workflows wherein only sequence and non determinism are
embedded.

In such a case their breath-first search approach returns a plan of web service restricted to a
sequence of limited web services hence a linear workflow of web services, also defined as a linear
and total order of services. With the aim of generating a composite service plan out of existing
services, [128] propose a composition path, which is a sequence of operators that compute data,
and connectors that provide data transport between operators.

The search for possible services to construct a sequence is based on the following compos-
ability criteria: semantic similarity between output and input parameters. In the
same way as [188], their approach restricts the matchmaking functions to be FExact, PlugIn, Sub-
sume and Disjoint.

To this end they exploit a semantic reasoner to detect the subsumption relationships between
functional parameters at design time.

The lack of expressivity in service and composition is the main limitation to obtain a flexible
model.

In this approach, optimal composition of services is computed by means of on the shortest
composition i.e., the composition wherein the less number of services are involved.
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The industrial applicability of their approach is further restricted since they assume a meta
language based on RDF to describe the services. On contrary the language used to describe the
composite service is independent of the suggested approach by [105].

A Graph Theory based Approach

In [15] (also discussed in [14, 210]) the authors present one of the most advanced approach in
functional semantic dependence based automated web service composition. They introduce
a method for automatic composition of semantic web services using Dynamic Programming
(flexibility) coupled with Graph Theory as a composition mechanism.

In the same way as most of approaches that perform FLC at semantic level, the expressivity
of Web services is reduced to semantic annotations of input and output parameters. Even if
their approach support sequence and concurrency as composition constructs, conditional
compositions cannot hold in the final result (only Web services with determinist output param-
eters).

In a nutshell, their approach is as follows. From an end user goal, described in terms of
both expected output parameters and required input parameters, they aim at computing the
best composition of services that match the user goal. In other words inputs and outputs of the
composite service should match the user-supplied inputs, and expected outputs, respectively.

Towards this issue they consider semantic web service composition as a directed graph wherein
nodes refer to web services. Those nodes are linked by edges referring to a semantic depen-
dence (as a composability) between an output and an input parameter of two web services.
The matching compatibility is valued by standard matchmaking type i.e., FExact, Subsume, Plugln,
Disjoint [152].

To this end they exploit a semantic reasoner to detect the subsumption relationships
between functional parameters at run time.

From this graph they suggested an approach to retrieve compositions by navigating through
the graph to find the shortest sequences starting from the initial requirements (i.e., end user’s
input parameters) and go forward by chaining services until they deliver the goal (i.e., user’s
expected output parameters). The composition terminates when a set of services that matches
all expected output parameters is found, or the system fails to generate such a composition of
services.

The goal of their approach is to find an optimal composition of services that produces the
desired outputs by considering non functional quality of services together with semantic match-
ing between functional parameters. The optimal composition is selected on the number of
services involved in the final composition. To this end they adapt the Bellman-Ford shortest
(optimal)-path dynamic programming algorithm to find the shortest sequence from initial node
to the termination node. Their exhaustive search of the optimal composition among all the can-
didate compositions, making this approach impractical for large scale composition.

They define the applicability of their work to services described in DAML-S or SA-WSDL.
The computed composite Web service are independent of their approach.
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Synthesis
a) Matchmaking based Discovery vs. Matchmaking based FLC:

As observed in the latter models, achieving matchmaking in FLC requires some adaptations
of the pure matchmaking based discovery process.

First of all, the matchmaking steps we need to perform in FL.C are between output parameters
of services and input parameters of other services, and not between same category of parameters
such as in pure matchmaking tasks.

Secondly, FLC aims at retrieving a composition as a partial order of services that achieve
the service request and support expressive compositions such as sequential, conditional and
concurrent compositions. On contrary the matchmaking task aims at discovering “the” best
advertised service that semantically matches with the requested service. Some issues related to
control flow and data flow (semantic dependences) are key in FLC whereas the latter issues do
not need to be considered in the matchmaking task.

Finally, unlike the matchmaking based discovery, other parameters such as precondition and
effect expressions of services need to be considered in FLC.

b) Advantages and Limitations of Matchmaking based FLC:

In this section we sketch advantages and limitations of the previous models along six main
properties:

e Automation of the composition process:
Each model is described according to its Composition mechanism, and Formalism
used to model Web service and and composition results.

e Expressivity of Service and their Composition:
As observed in the latter models, expressivity on Web service description and ex-
pressivity on their composition description is, in many cases, under specified.

— On the one hand input and output parameters based matchmaking is not enough to
compose at functional level since Web services may have same input and output pa-
rameters and different functionalities. Moreover such a limitation can affect the final
composition result, by for instance, retrieving some compositions with open precon-
ditions or inappropriate effects. Therefore preconditions and effects needs also to be
considered in composition process.

— On the other hand structured composite services prescribe the order in which a collec-
tion of activities (here services) take place. They describe how a service is created by
composing the basic activities it performs into structures that express the control pat-
terns, data flow, handling of faults and external events, and coordination of message
exchanges between service instances. In this work, the expressivity of a composition
states the control constructs the composition can handle. We identify the following
three groups of control constructs for assembling primitive actions into a complex
actions that collectively comprise an applications:

x Sequential ordering;
x Conditional compositions;
x Concurrency, namely: parallel split, synchronization and exclusive choice.

These constructs seem the minimum set of composition constructs to model expressive
compositions of Web services.
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e Composability criteria used to Relate Some Web Services in a Composition:
Considering semantic dependence as a composability criteria rather than syntactic
equivalence between functional parameters of Web services makes service composition more
robust. Indeed output parameters of a service that does not match exactly the input
parameters of another service can be considered in Web service composition. Therefore
such models are mainly oriented by semantic matchmaking between output and input
parameters of services.

However, computed at design or run time, the semantic dependences are, at best, defined
as an Exact, Plugln, Subsume or Disjoint matchmaking between two functional parameters
of Web services in the latter models. In case the domain ontology is complex, computing
subsumption relationship between functional parameters at run time can be a challenging
task.

Even if matchmaking based approach solves some heterogeneity problem by using semantic
description of functional parameters, there are still some limitations. For instance it is still
semantically safe to transfer the more specific output to the more general input (i.e., Plugln
matchmaking), but its seems more challenging to achieve a Subsume match type between
an output and an input parameter of two services . Indeed such a matchmaking should not
be directly applied in a web service composition since the output parameter is not specific
and specified enough (e.g., in this case an input parameter requires more description than
provided by the output parameter) to be exploited by the input parameter. The input
parameter is said to be over specified and the output parameter to be under specified.
Therefore the Subsume matchmaking type cannot be directly used in FLC.

Moreover, as previously studied in section 1.2 there are several proposals such as Abduction
[55], Contraction [19], Difference [35, 198] that can be re-used to extend the matchmaking
functions and then exploit more different levels of semantic similarities and properties (e.g.,
applying contraction between services parameters in case their intersection is empty).

e Flexibility of the composition model:
The flexibility of the model is important to further facilitate extensions and adaptability
to complex systems with standard components of publishing, discovery, execution engine.

e Optimzation:
Besides computing composition of Web services, most of these approaches consider an
optimization process to compute the best composition. Such a process is important to
prune the set of candidate compositions that can achieve a same goal.

On the one hand, services consume resources, such as network bandwidth, and may have a
monetary cost associated with their execution. Therefore, depending on a given criterion
e.g., non-functional parameters (quality of services such as price, execution time, and reli-
ability [208, 13]), number of services involved in the composition, the properties quality of
the best computed composition varies e.g., cheapest (in terms of price), fastest (in terms of
time execution).

On the other hand, the semantic form of web service enables different levels of match-
making between their functional parameters. Therefore different metrics can be used to
optimize service selection as well as the resulting composition. For instance, criteria based
on semantic dependence between Web services, could be also considered to value semantics
of a composition. However the latter approaches are, unfortunately, only non functional
parameters oriented (e.g., quality of service). Even if such an optimization is adapted for
web service compositions, it is far from convenient for “semantic” web service compositions.
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e Industrial Applicability of the approach:
The composition approaches that support standard proposals such as DAML-S, SWSO,
SA-WSDL, WSMO or BPEL4WS (a language appropriate for tasks such as verification)
ensure the industrial applicability of their approach in real scenario. This property is key
to further value and compare approaches e.g., scalability, computation time performance.

The previous six properties of each previous models are summarized in Table 2.1.

2.1.3 Al Planning and Causality Relationships based Composition

In this section we first present some backgrounds on Al planning based composition.

From this definition, we review main related work in Al planning and causality relationships
based composition i.e., approaches that compute composition by means of relationships between
effects and preconditions of web services.

However we do not plan to present an exhaustive list of the methods that meet this AI plan-
ning based model such as rule-based Planning [141, 180], conditional planning [103] or planning
as model checking [169]. On contrary we mainly focus on the closest approaches of our model
i.e.,, an HTN Planning oriented approach [191], a Situation Calculus oriented approach [139],
an estimated regression planning based approach [135], a conformant Planning approach with
Incomplete Information [29] and a metric planning based approach [4].

Concepts and Definitions
AT Planning [178], in general, can be regarded as an area of study that is concerned with auto-

matic generation of plans that will be able to solve a problem within a particular domain.

Typically, a plan consists of sequence of actions, such that given an initial state or a condition,
a planner will suitably select a set of actions which, when executed according to the generated
plan, will satisfy certain goal conditions.

Web services are an interesting domain for planning research, since they fit the classical model
of discrete actions (i.e., simple procedure calls), but obviously require eliminating closed-world
assumptions since complete information cannot be ensured. Moreover modelling multi branching
plans in service composition is another main requirement.

In the context of web services, a planning domain can be represented by a six-tuple (W, S, A, T,
s0, G), where

e IV is the set of available web services,
e S is the set of all possible states of these services (i.e., the world),

e A is the set of actions/functions provided by the services that the planner can perform in
attempting to change the state from one to another in the world,

I' €S x A xS is the set of state transitions which denote the preconditions and effects for
execution of each action,

and finally sp € S and G € S are the initial and goal states, respectively, specified in the
requirement of the web service requesters to indicate that the plan initiates its execution
starting from state sy and terminates at state G.
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Given this domain, many approaches have been proposed by applying a variety of planning
techniques that will automatically generate a plan (i.e., a composition) for realizing the goal
requirements.

Most of these systems are directed by causality relationships between effects and precondi-
tions of services (see Section 2.1.1) based Al planning where only preconditions and effects are
considered to represent web services. For instance such a subset is modelled by the Successor
State Axioms in Golog [122].

This is the main conceptual difference with the semantic dependences based FLC.

In the next section we will focus on related work of web service composition that performs
FLC, mainly, by means of causality relationships between effects and preconditions of services.
The following four works have been studied in details for these main reasons.

A Hierarchial Task Network based Approach

In [191] (also discussed in [205]) the authors describe an hand-coded planning systems, Sim-
ple Hierarchical Ordered Planner 2 (SHOP2) to support their composition mecha-
nism. Hand-coded planners such as SHOP2 are domain-independent planning system, which
use domain-specific control knowledge to help them plan effectively.

SHOP2 is based on hierarchical task network (HTN) planning, which is an AI planning
methodology that creates plan by task decomposition.

Since authors of [191] interface the composition problem to an HTN planning approach, Web
services with input, output parameters, preconditions and effects can be considered. However
their expressivity is reduced since they consider Web services to be either information-providing
or world-altering Web services.

Even if SHOP2 [191] supports conditional effects in composition, the returned plan is a
sequence of selected and executed service that achieve the goal. They also do not address methods
to retrieve the whole set of feasible solutions.

Indeed there is no mechanism to handle the control constructs related to concurrency. Such
a limitation in SHOP2 imposes a serious limitation on the usefulness of this methodology.

At the moment this is resolved by enumerating every possible flow in the process using con-
ditional expressions in the method descriptions. This increases the complexity of search space,
and planning.

Planning progresses as a recursive application of the methods to decompose tasks into
smaller and smaller subtasks (composability criteria'), until the primitive tasks, which
can be performed directly using the planning operators, are reached.

In the case where the plan later turns out to be infeasible, SHOP2 will backtrack and try
other applicable methods. Note that semantic dependences between input and output
parameters are also considered to ensure data flow in Web service composition (in
particular the restricted list: Exact, PlugIn, Disjoint).

One difference between SHOP2 and most other HTN planning systems is that SHOP2 plans
for tasks in the same order that they will later be executed. Planning for tasks in the order
they will be performed makes it possible to know the current state of the world at each step in

1Here, the notion of causality relationship between effects and preconditions of Web services is more abstract,
and defined by a process of static decomposition of tasks in smaller subtasks.
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the planning process, which makes it possible for SHOP2’s preconditions evaluation mechanism
to incorporate significant inference and reasoning power, including the ability to call external
programs.

This allows SHOP2 to integrate planning with external information sources as in the Web
environment. In order to do planning in a given planning domain, SHOP2 needs to be given the
knowledge about that domain. SHOP2’s knowledge base contains operators and methods. Each
operator is a description of what needs to be done to accomplish some primitive task, and each
method tells how to decompose some compound task into partially ordered subtasks.

The main disadvantage of this approach is that whilst hand-coded search does help them
plan effectively, it creates a significant overhead. Consequently it requires expertise in both the
domain and specifics of the planner.

Moreover the model together with its composition result are mainly dependent on the knowl-
edge base of the domain i.e., a detailed description of compound tasks decomposed into partially
ordered primitive tasks. Such a constraint puts limitations on level of automation of composi-
tion, and limits the flexibility of the approach since decomposition of web services required to
be known at composition time (i.e., static decomposition tasks process).

In SHOP2 the goal cannot be stated declaratively. SHOP2 has to know in advance which
method it should call. Consequently the planner fails if asked to solve a completely new, unknown
problem for which no method definition exists.

The authors work with these limitations since SHOP2 operate as an online (i.e., run time)
planner. In other words during each service selection step, the service is executed in the real
world. Indeed, to enable information providing from web services at planning time (i.e., composi-
tion time), they require that services to be either exclusively information-providing or exclusively
world-altering.

Even if [191] provide an approach to achieve Web service composition, they do not address
the problem of selecting the optimal composition among a set of candidate compositions.

Since the concept of task decomposition in HTN is very similar to the concept of process
decomposition in OWL-S, the SHOP2 approach is quite adapted and applicable for OWL-
S web services. In this direction, they encode a composition problem as a SHOP2 planning
problem, so SHOP2 can be used with OWL-S web service descriptions to automatically generate
a composition of services.

A Golog based Approach

The authors of [139] (also discussed in [140]) encode composite services in Golog [122], a high-
level logic programming language built on top of the situation calculus. In such an
approach, the composition mechanism follows Breadth first planning approach.

In their Situation Calculus-based framework a service is specified as Golog [122] pro-
cedures and seen by end-users as an atomic action, thus presenting an input/output
behaviour. Moreover they restrict their composition model by assuming a complete indepen-
dence between information providing and world-altering actions (in the same way as [191]).

Such an assumption is very restrictive in the open world of web services . A situation tree
(i.e., a kind of process flow in the theory of Situation Calculus) is associated with each atomic
action. From these atomic actions, the results of their approach is a simple linear sequences of
web services (viewed as a total order).
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Unfortunately alternative and conditional compositions cannot be computed at composition
time since [139] compute only online compositions and then execute services at composition time.

Since concurrency of services in a composition is not handled in such an approach, [165]
suggest to use an extended version of Golog i.e., ConGolog [78] to overcome the problem of
concurrent execution in semantic Web services.

In their approach, the composability criterion is defined by causality relationships between
effects and preconditions of some services.

The composability criteria of the composition problem are encoded by the Successor State
Axioms of the Situation Calculus-based framework, which also provide a solution to the frame
problem? [176].

Contrary to the semantic matchmaking based composition approaches, semantic dependences
between input and output parameters are not considered. This restricts the data flow to be purely
syntactic.

To support information providing services combined with world altering services, they propose
a middle-ground Golog interpreter that i) interleaves offline (i.e., design time) and online (i.e.,
run time) execution, and ii) operates under an assumption of reasonable persistence of certain
information.

The reasonable persistence of information assumption prevents the planner to change (i.e.
simulate the changes) the information provided from external sources.

In the open and dynamic world of web services, there are many scenarios (e.g., in Telecom-
munication domain) where the reasonable persistence of information, as suggested by [139] (and
re-used by [191]), cannot hold. Indeed information has a limited temporal extent associated
with it, which may affect composition. Therefore we cannot make such an assumption in our
composition issue.

A ConGolog interpreter is augmented with online execution of information-providing services
with offline simulation of world altering services. The approach used to combine online execution
of sensing actions with offline simulation of world altering services is very similar to the [191]’s
approach in spirit.

One advantage of using situation calculus as the underlying logical framework is the addi-
tional expressivity and the ability to do arbitrary reasoning about first-order theories.

The flexibility of their approach is limited by this on-line execution. For instance, Web
service composition conditioned by output parameters of services cannot be supported in this
approach.

The authors of [139] have considered programs that are generic, customizable by end
user (e.g., through preferences) and usable in the context of the Web. In this direc-
tion, their adaptation and extension of the Golog language support a selection criterion (i.e.,
preference) to prune the enormous search space, but no criteria are suggested to distinguished
similar services and compositions.

2The frame problem is one of the central theoretical issues of Artificial Intelligence. Roughly speaking, to most
Al researchers, the frame problem is the challenge of representing the effects of action in logic without having to
represent explicitly a large number of intuitively obvious non-effects [178].
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The applicability of their approach is defined by a relevant subset [144] of DAML-S in terms
of the situation calculus. Atomic service descriptions, preconditions and effects in DAML-S are
mapped to situation calculus constructs. On contrary the composition result is neither a service
(in the sense that it cannot be re-used by another client) and nor mapped to a standard compo-
sition language since the composition is directly executed step by step (i.e., on-line execution).

A Metric Planning based approach

The authors of [1] (also discussed in [5]) study Web service composition with SEMAPLAN by
combining semantic matching and an Al planning algorithm. In such an approach, the com-
position mechanism follows Forward search (aka progression based) approach on a metric
planning problem. Similarly to matchmaking and semantic dependences based composition ap-
proaches they compute overall semantic similarity scores (metric based) between services. In this
direction they address planning with partial semantic matchmaking (i.e., an approach in between
AT planning and Matchmaking based approaches).

In their approach the concept of input is very close to the concept of precondition. In the
same way the notion of output is very close to the notion of effect. In particular semantic
annotation on their input and output parameters are mainly considered to describe Web
services of the domain.

The expressivity of the computed composition is limited to sequential composition, and un-
fortunately no process to model concurrent and conditional compositions is described.

The composability criterion is defined by causality relationships between parameters of
services. Due to the close definition of input, precondition and output, effect, causality rela-
tionships is achieved by semantic relationships between the latter parameters. In particular
they focus on a restricted list of matchmaking functions (i.e., Exact, PlugIn, Subsume and
Disjoint) to elaborate relationships between services.

The flexibility of their approach is limited by the expressivity of both the service description
and the composition constructs they support.

The authors of [4] present a ranking module to select compositions depending on different
criteria. For instance the optimal composition can be selected by means of its plan length (i.e.,
the number of services in the plan), or local selection of semantic relationships between
services (i.e., a semantic cost of the plan).

Their method uses WSDL-S (the former version of SA-WSDL) as a semantic web service
language to describe services they plan to compose. The computed composition can be supported
by any composition language. This ensures the industrial applicability of their approach.

An Estimated Regression Planning based Approach

The author of [135] investigates applicability of estimated regression planners for generating
compositions of web services. Unlike [191] and [139] they focus on their conditional form. The
estimated regression planners use a backward analysis of difficulty of a goal to guide a forward
search through situation space. By extending the Unpop planner [134] the author created the
Optop mechanism i.e., an Opt-based total-order planner.
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In [135], the author introduces a new type of knowledge, called value of an action, essen-
tially representing certain information that is created or learned as a consequence of executing a
particular action.

The main intention of introducing this extension was to have the ability to capture the infor-
mation and the content of messages that are exchanged between the services. Such information
persists and is not treated as a truth literal.

From Web service construction and expressivity perspective, such a feature is required
to distinguish the information transformation and the state change produced by the execution
of the service. The information, which is presented by the input and output parameters
are thought to be reusable, thus the data values can be reused for the execution of multiple
services. Contrarily, the states of the world are changed by the service execution (through
preconditions and effects). The change is interpreted as that the old states are consumed
and the new states are produced.

Contrary to [139], the composition result of [135] supports more expressive compositions.
Indeed the computed composition can be modelled by sequence and non determinism whereas
[135] cannot model such conditional compositions. However composition constructs such as con-
currency is not handled.

In the Optop mechanism, a state of the planner is a situation, which is essentially the current
partial plan. Optop works with classical-planning goals; thus, it checks whether the current
situation satisfies the conjunction of the goal literals given to the planner as input. During its
search, Optop computes a regression match graph as described in [135], which essentially provides
information about how to reach a goal state from the current situation.

The composability criteria used by the regression search is based on causality relationships
between effects and preconditions of services. The planner returns the successor situations that
arises from applying the actions specified by the latter graph in the current situation.

In the same way as [139], they compile composition under the assumption of exact matches
between functional parameters, hence no way to value semantic dependences between web services
at semantic level.

The main motivation for this work is to relax the assumption of complete knowledge required
by classical planners, and to formalize what they do not know and how they could find out more
about the world.

The author of [135] also points out the necessity for planners to support synthesis of branch-
ing (i.e., conditional plans) and looping plans. These ensure the flexibility of their approach.

Even if the Optop planner is quite appropriate not only to compute conditional compositions
of services but also to operate in the open world of Web (by introducing the value of an action),
no optimization criteria is given to select an optimal composition among several candidates.

In such an approach Web services and their composition are represented as PDDL actions,
and unfortunately not by means of a standard proposal such as SA-WSDL, WSMO or OWL-S.
This restricts the industrial applicability of the approach. However some prototype tools can
be tested and used to translate PDDL to DAML 3.

3http://www.cs.yale.edu/homes/dvm/daml/pddl_daml translatorl.html
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A Conformant Planning based Approach

In the same way as [135], the authors of [39] focus on the automated generation of conditional
compositions of Web services. To this end, they investigate applicability of the (CFF planner
i.e., Conformant Fast Forward planner) [90] i.e., an off-the-shelf planning mechanism that
operate under uncertainty the whole under certain additional restrictions.

In their approach they consider the case where there is no observability, i.e., conformant
planning. At best, observability in their context is partial. This means that “observing” during
service execution may involve requesting additional information from the user, or even crossing
enterprise boundaries.

Besides semantic annotation on their input and output parameters, [39] consider
actions with conditional effects, which would normally allow several conditional effects for
each action, as well as forced preconditions (which must be known to hold, for the action to
be executable).

Contrary to [191], [139] and [135] they consider more expressive composition of Web
services. Indeed their model handle constructs that support sequential, concurrent and con-
ditional compositions.

In [89], the high complexity of planning in web service composition motivates the search for
interesting special cases. In this directions, the authors formalize a special case of Web service
composition, termed “forward effect” where the semantics is an important feature to consider.

Indeed, besides ensuring the causality relationships between effects and preconditions
of services, they model composability between Web services as semantic connection (so,
called partial matches in their work) by “forward effect”.

In the same way as [191], they first argue that exact match cannot be sufficient in Web service
composition based Al planning. Indeed some compositions may require so-called partial matches,
where a service may provide only part of parameters required by another service. Therefore their
core observation is based on a notion of compatible actions (i.e., services) i.e., actions that can
achieve a partial match. Uncertainty is then based on these partial matches between Web ser-
vices. However such match levels are very restrictive to perform composition of services.

From this the authors suggest an innovative approach i.e., considering “limited” partial match
(i.e., a non empty intersection of output parameters to achieve an input parameter of a service)
together with conditional compositions.

Even if [59] suggest partial matches to overcome web service composition, they do not study
in detail the limitation of their matchmaking types e.g., if the partial match of n output param-
eters subsume an input parameter of another service, matchmaking of those parameters is not
appropriate to perform a composition.

Moreover no detail about the computation of partial matches is presented in [39]. No infor-
mation states if DL reasoning is pre-computed or achieved at composition time.

The high flexibility of their approach is mainly due to i) the expressivity they consider to
model Web services and their composition and ii) their two different levels of composability cri-
teria.

No optimization process is provided to reduce the set of possible Web service composition can-
didates.



CHAPTER 2. WEB SERVICE COMPOSITION 52

Their composition approach is applicable with Web services described in WSMO (through
a PDDL translation), and provide composition of Web services in an independent language that
can be re-used once composition is achieved.

Other AI Planning based Approaches

Note that latter forms of composition model are tightly related to classical planning in Al, and
have been adopted by many other works e.g., [9]. These, although different in the kind of goals
and initial conditions, are all based on the idea of sequential compositions of the available services,
which are considered as black boxes.

Advantages and Limitations of AT Planning based FLC

In the same way as Section 2.1.2 we sketched advantages and limitations of the previous models
along the following six key properties:

e Automation of the composition process.
Each model is described according its Composition mechanism, and Formalism used
to model Web service and composition.

e Expressivity of Service and their Composition:
As observed in the latter models, expressivity on Web service description and ex-
pressivity on their composition description is, in most of cases, under specified.

— On the one hand preconditions and effects of Web services are not enough to compose
at functional level since such a level of composition requires also the knowledge of
the data flow. Therefore input and output parameters as semantic annotations of
parameters need also to be considered in composition process.

— On the other hand (and in the same way as approaches presented in Section 2.1.2),
sequential, conditional and concurrent compositions seem the minimum set of basic
compositions we need to consider. Contrary to the Al planning and causality relation-
ships based composition approaches, concurrency is addressed in most of Matchmak-
ing and semantic dependences based composition approaches. Such expressive level of
composition is often disregarded in Al planning based FLC.

e Composability Criteria Used to Relate Some Web Services in a Composition:

Contrary to the matchmaking based composition approaches, causality relationships be-
tween preconditions and effects of Web services are considered as the main important
feature to ensure composability between Web services in Al planning based composition
approaches. In particular such approaches enable us to compute compositions wherein any
preconditions could be satisfied by an effect of another service. However Web service com-
position could be achieve by coupling the causality relationships with the semantic
dependence between input and output parameters to satisfy both i) flexibility and ii)
data flow.

In the same way as approaches presented in Section 2.1.2, approaches that partially consider
semantic matchmaking between functional parameters do not study in detail the limitations
and properties of the matchmaking types they use to compose services.

e Flexibility of the Composition Model:
The flexibility of the model is important to further facilitate extensions and adaptability
to complex systems with standard components of publishing, discovery, execution engine.
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e Optimzation:
Besides computing composition of Web services, some approaches consider an optimiza-
tion process to compute the best composition. Such a process is important to prune the
set of candidate compositions that can achieve a same goal.

e Industrial Applicability of the approach:
The composition approaches that support standard proposals such as DAML-S, SWSO,
WSMO, or BPEL4WS ensure the applicability of their approach in industrial scenario.
According to the definition of SA-WSDL, preconditions and effects of SA-WSDL services
will not be considered. This remains an important criterion to value this level of composi-
tion approaches.

The six properties of each previous models are summarized in Table 2.2.

2.1.4 Synthesis

Although the previous approaches, combined with semantic reasoning and/or AI planning, offer
practical approaches to perform automation of Web services composition, both latter approaches
encounter some limitations and require some extensions.

On the one hand considering preconditions and effects is one open issue for the Matchmak-
ing and semantic dependences based systems whereas designing correct, complex compositions
(through, for instance, concurrent, conditional compmosition) and data flow are two main re-
quirements for these systems.

On the other hand potentially enormous search space and the difficulty in fully and accu-
rately representing real-world problems are two key challenges for the Al planning and causality
relationships based systems whereas causality relationships, and more generally causal laws are
main requirements for these systems.

Finally, semantic dependences between Web services is reduced to the valuation of standard
matchmaking function (e.g., Plugln, Subsume, Disjoint) in both approaches.

In this section we posed six specific technical requirements, summarized in Table 2.3, that
need to be met by Al planning and matchmaking based systems to make automatic web service
composition at functional level a real success.

Composition

e Automation (RAutomation )

— the Composition Mechanism used to achieve automation of composition;

— the Formalism used to describe the composition problem.
o Expressivity (Rezpressivity)
— of service (RpcTvice );

Expressivity

Composition )

— of their composition (R, 70 5

e Composability (Rcomposabitity) Criteria pertaining automatic composition of services, de-
scribed in terms of input, output parameters and preconditions, effects. Such criteria are
used to relate some Web services in a composition:



References [ [ [139] [ [191] [ [89] [ [135] [ (4]

Situati Hierarchical Conformant Estimated
Formalism Clallljulﬁg Task Planning Regression Independent
Network (under uncertainty) Planning
Automation e Golog + Conformant Fast Extension
Composition/Search > Forward
World Simplest Forward planner of Unpop [134]
! SHOP2 [145] . Search
. Breath First Plan- (CFF) [90] i.e., Optop
Mechanism L o (Semaplan)
-ner (wsbip) [177] (conditional planner) |(conditional planner)
Input v v v v v
Precondition v v v v v'(close to input)
Servi Output without Effect without Effect v v v
erviee Effect without Output | without Output v v v (close to output)
Expressivity - -
Information- Information- Information-
Category Providing or Providing or Any Any Providi
World-Altering World-Altering roviding
. Persistent Persistent
Assumption Information Information X X X
Expressivity
Composition Sequence v v v v v
Expressivity [Non Determinism X X v v X
(R2) Concurrency X (Vin [165]) X v X X
. Matchmaking Exact, Plugln, Partial Exact, Plugln,
Semantic Function (R4) Exact Disjoint Matches Exact Subsume, Disjoint
IDependences DL Pzzis;nlng X Design Time ? X Design Time
8
Composability
Causality Relation- |Causality Relation-
. . . Successor Task/ ) .
Causality Relationships Forward ships between ships (close to
State Method .
(Part of Causal Laws) : e Effect Effect and semantic
Axioms Decomposition i
precondition dependence)
Limited by Limited by
Flexibility (R¢) the Online the decomposition v v X
Execution tasks process
N Number of services,
Optimization User Preference X X X (Local) Semantics
Web Services DAML-S OWL-S WSMO PODL WSDL-S
L Actions
Applicability PODL,
Service Composition X OWL-S Independent AND/OR Tree Independent

Table 2.2: Some Al Planning and Causality Relationships based FLC. Legend: X = not supported, v'= fully supported, ? = No
Information.
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— semantic dependences (Rgi%‘ﬁ:fbmw);

Causal )

— causal laws (RComposability

e Flexibility (Rpiezibitity) of the composition model.
e Optimization (Ropiimization)-
e Industrial Applicability (R applicabitity) of the approach

— with standard service languages (R354ice, ., );

Composition)

— with standard composition languages (RAppliwbility .

2.2 Process Level Composition

In this section, we first describe process level composition and focus on their behavioural features.
Then we will briefly review some related works in the area of this level composition, that can be
applied with our FLC approach to perform an end-to-end composition of both functional and
process based Web services.

Such a level of composition is not the scope of this Ph.D work, however the reader can be
interested in selecting a process level composer to combine it with, for instance, our functional
level composer described in Chapters 3, 4, and 5. This is the main motivation of this section.

2.2.1 Description

Process Level Compositions (henceforth PLC), also known as process-oriented or control flow
driven compositions [25, 41, , , | consider compositions of web services which are de-
scribed on a process view.

As highlighted in Section 1.1.3 process level based Web services are viewed no more as ca-
pabilities, but as stateful and asynchronous finite state machines, which establish multi-phase
protocols to define agreements and to exchange data, and whose final outcomes may be not
fully predictable i.e., non deterministic. As a consequence, also the generated executable code
responsible of the composition is a complex behaviour, since all possible contingencies occurring
in the interaction with the Web services have to be considered.

Contrary to FLC, process level composition (henceforth PLC) covers a finer-grained phase
of composition. Since web services are usually described by their internal protocol so called
behaviour, PLC aims at describing the following system:

PLC aims at describing a system interacting with all protocols involved in the compo-
sition.

The Figure 2.3 illustrates an ideal process level composition of Web services that cannot
be reduced to an atomic step, but requires instead a sequence of operations, including e.g.,
authentication, submission of a specific request, negotiation of an offer, acceptance (or refusal)
of the offer, and achieving another internal action.

Such a description of web services can be provided, for instance, by means of a subclass of the
Service Model Process in OWL-S. The same entity can be described by the Service Choreography
and Orchestration Model in WSMO, as an activity flow or an interaction pattern.
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’ Requirement R; \ Details \ Description
. Formalism used to model the Web services
Formalism ..
[Composition Composition problem.
Automation Composition | Technique achieved to compute compositions
Mechanism of Web services.

Web Service

Level of description used to define Web services.
To this end, four main parameters are conceivable
i.e., Inputs, Outputs, Preconditions and

Composability

%Zgﬁec:smty Effects. Web services can fall into three different
REgpressivity categories i.e., Information-providing, World-
altering services or both.
Level of Web service composition expressivity.
Composition | This can be measured by the set of control
Rggg;peosﬁjftz constructs supported by the
composition approach.
Level of matchmaking functions used to value
Semantic semantic dependences between Web services
Dependences | parameters. This matchmaking task, valued by a
RZemantic step of Description Reasoning can be achieved

at design or run time.

RComposability

Causal Laws

RC’ausal
Composability

Level of Causal Laws: Causality relationships
between effects and preconditions of services and
complez relationships between services (e.g.,
relationships that link an input parameter of a service
to an output parameter of another service under some
conditions).

Rriexibitity

Possibility to further extensions and adaptability
to complex systems

ROptimization

Criterion used to select a composition among a
set of candidates that achieve the same goal.

Web Services

Service
RApplicability

Standards to which the service can apply to (e.g.,
OWL-S, WSMO, SA-WSDL, SWSO).

Rapplicabitity Composition

RC’omposition
Applicability

Standards to which the composition
result can apply to (e.g., OWL-S, WSMO,
BPEL4WS, SWSO).

Table 2.3: Table of Requirements for Functional Level Composition.



CHAPTER 2. WEB SERVICE COMPOSITION o7

Flight Request
Flight Offer/NA
Flight Ack/Nack

_ Request Flight Ticket
. _ Offer/NA

Flight Service

Process Level
_ Ack/Nack_ | Composer

Ticket Hotel Request

Hotel Offer/NA
Hotel Ack/Nack
Hotel Ticket

Hotel Service

Figure 2.3: An Ideal Process Level Composition of two Web Services (A Virtual Travel Agency).

2.2.2 Some Reference Models

Since our main contribution is related to FLC, we do not focus deeply on the process level.
However we briefly describe the three main PLC approaches that can be combined with our FLC
approach to achieve an end-to-end composition.

These models are depending on three different entities to achieve composition, ordered by
their level of abstraction:

e message, conversation level,;
e behavioural level;

e abstract activities i.e., internal actions, message exchanged.

Composition at Behavioural Level

In [167] and [170] the studied composition of services is based on global goals specifying a complex
behaviour. Such goal are expressed in a request language developed for planning under uncer-
tainty. Moreover they concern the client and all the component services.

From this specification, they present a composition technique that takes as input i) a set of
partially specified services, including one representing the client behaviour, modelled as nonde-
terministic finite state machines, and ii) a global goal expressed as a branching temporal formula.
Finally they return a plan that specifies how to coordinate the execution of various services in
order to realize the global goal.

The plan can then be encoded in standard coordination languages such as BPEL4AWS or
OWL-S, and executed by orchestration engines. Note that the composition is mainly concerned
with the global behaviour of the system in which some client desired executions may happen not
to be fulfilled.
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Composition at Message Level

a) A First Approach:

In [95], a formal framework is defined for composing web services from behavioural descrip-
tions given in terms of automata. The possible exchanged messages are the key component of
this approach.

The problem addressed in this work is at the process level, since it considers services that
can perform more complex interactions than a simple invoke-response operation. However, the
composition problem solved by [95] is different from the problem considered by [167] and [170].
Indeed, in the approach [95], the composition problem is seen as the problem of coordinating
the executions of a given set of available services by means of exchanged messages, and not as
the problem ([167] and [170]) of generating a new composite web service that interacts with the
available ones.

Solutions to the former problem can be used to deduce restrictions on an existing (compo-
sition automaton representing the) composed service, but not to generate executable code for
implementing the composition.

b) A Second Approach known as the Mealy Model:

In [41] a framework for modelling and analyzing the global behaviour of service compositions
is presented. Services exchange messages according to a predefined communication topology,
expressed as a set of channels among services: a sequence of exchanged messages (as seen by an
external virtual watcher) is referred to as conversation.

In this framework properties of conversations are studied in order to characterize the be-
haviour of services, modelled as Mealy machines. This model is well known as the Mealy model.
In such a framework, the composition problem takes in input i) a desired global behaviour (i.e.
the set of all possible desired conversations) specified as a Linear Temporal Logic formula, and
ii) a composition infrastructure, that is a set of channels, a set of (name of) services and a set of
messages.

The output of the synthesis is the specification of the Mealy machines of the services such
that their conversations are compliant with the Linear Temporal Logic specification.

Composition at Abstract Activity Level

The work of [26, 27], also known as the Roman model, focuses on activity-based finite state
automata. In this approach, states of the latter automata are abstract activities i.e., internal
actions or message exchanged as well.

In the same way as [167, ] they elaborate a composition of available behaviours of Web
services in order to obtain a target behaviour. Solutions to this problem can be used to generate
executable code for implementing the composition.

This is the main conceptual common view with the work described in [26, 27]. The behaviours
are modelled with finite state machine and they describe the composition domain as a determin-
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istic PDDL* formula wherein target and available behaviours are encoded.

In [26, 27] the behaviour of the services is given, and the synthesis phase reuses them trying
to assemble them in order to provide the desired behaviour. The client specification is based
on a branching time-semantics: composition focuses on a tree-based structure, where each node
denotes a choice point on what to do next.

Reference Models [95, 41] [26, 27] [167, 170]
Abstraction Abstract
Level Interaction (Message, Activities .
" . . . Behaviour
(entities used Conversation) (internal actions,
(for composing) exchanged message)
Comé)c()):itlon Coordinating Execution Generation of a new Behaviour
Service Mealy .. .
Formalism Machine Finite State Machine
Tts Bounded Independent
Limitation Abstraction Number of pe
. Services
Level Services

Table 2.4: Some Reference Process Level Composition. Legend: X = not supported, * = level of
expressivity.

Process Level Composition and Other Approaches

For further information and models on process level composition, the reader can investigate in
the following relevant works:

e Composition at Message Level: [95, 41, 74, 73, 68, 69, 31, ].
e Composition at Behavioural Level: [167, 170].
e Composition at Abstract Activity Level: [26, 27, , 7]

Note that most methods compare composition of web service as a control or synthesis of

behaviour (automata) product e.g., product machine [74, 73], product of two interface automata
[7], Cartesian product [68, 69, 31], parallel composition of state transition system (extended
version of a finite state machine) [162], or their synchronized product [170].

2.2.3 Synthesis

As introduced in this section, the choice of a PLC approach to perform a combined composition
with FLC, is depending on the abstraction level we plan to support i.e., message, conversation,
behaviour, actions (operations).

However the finer this level the better for a process level composition combined with FLC.
Indeed FLC operates at the most abstract level i.e. service level, and then a combination with
message based PLC since more appropriate to achieve an end-to-end composition.

4PDDL (Planning Domain Definition Language) [76] is an action-centred language, inspired by the well-known
STRIPS formulations of planning problems. At its core is a simple standardisation of the syntax for expressing
this familiar semantics of actions, using pre- and post-conditions to describe the applicability and effects of actions.
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2.3 Combining Functional and Process Level of Composi-
tion

PLC is significantly more complex than FLC, since it is a general form of program synthesis. In-
deed a product of web services, as a product of state transition systems, required to be computed
in many approaches such as [74, 69, ], hence a space consuming approach.

Towards this issue it is crucial to run PLC over a restricted number of components services.
FLC can be used in this direction by pruning useless discovered services. Indeed the partial
order in which FLC sequentializes the relevant services is a very useful indication to guide PLC
in searching for ways the protocols (behaviour-based description) of service should interact.

Roughly speaking, once FLC has extracted a set of services whose capabilities can be com-
bined together to obtain the capability of the top-level requirement, we can finally try and
combine their actual, stateful implementations.

For instance the behaviour-based description of Web service together with their semantic
description and the partial order of services identified by FLC are used as inputs of the [130]’s
model to perform PLC. The result of this work is a new and executable protocol that interacts
with the existing services to achieve the top-level requirement.

In an alternative approach [30] perform web service composition by applying and interleaving
discovery, FLC and then PLC. Two state-of-the-art FLC [89] and PLC [167] approaches are
coupled with a naive discovery algorithm to perform an end to end composition.

In another direction [111] consider composition of a subset of web services i.e., stateful and
independent web services. Such a composition is achieved by a pre-processing of FLC, followed
by a subset of PLC. Since they consider independence of web services, interleaving and synchro-
nization of actions from different web services are not required and then are not considered in
this subset of PLC.

It is obvious that a combination of FLC and PLC (or any subset) is not always required
e.g., in scenarios where web services do not expose their behaviours (i.e., stateless web services),
composition can be achieved by leaving out the PLC step and adopting only FLC.

Since FLC is required i) to compose stateless services, and also to reduce the complexity com-
putation of PLC or 3-composition, we suggest to investigate this important level of composition
in more details.

Before such an investigation, we briefly review two main models to represent web service
composition i.e., Orchestration and Choreography.

2.4 Modeling Web Service Composition

Currently, there are competing initiatives for modelling business process as composite services,
which aim to define and manage business process activities and business interaction protocols
comprising collaborating services. The terms Orchestration and Choreography have been widely
used to describe business interaction protocols comprising collaborating services. In the follow-
ing we shall briefly review these higher-level specifications for modelling web service composition.

However, note that the sharp distinction between orchestration and choreography is rather
artificial [159] and it is widely believed that they should both coalesce in the confines of a single
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language and environment.

2.4.1 Orchestration

Orchestration describes how services can interact with each other at the message level, including
the business logic and execution order of the interactions from the perspective and under control
of a single endpoint. Orchestration refers to an executable business process that may result in
a long-lived, transactional, multi-step process model. With orchestration, the business process
interactions are always controlled from the (private) perspective of one of the business parties
involved in the process.

It is obvious that modelling the business process of functional and process level compositions
can be both achieved by orchestration. On the one hand composition constructs required by FLC
(e.g., basic constructs related to sequence, concurrent execution, non determinism) are largely
embedded in orchestration. On the other hand the message level based orchestration is really
appropriate for PLC.

Currently, orchestration is targeted by a family of XML-based process standard definition
languages most representative of which is the Business Process Execution Language for Web
Services (BPEL4WS) [11].

2.4.2 Choreography

Choreography is typically associated with the public (globally visible) message exchanges, rules of
interaction and agreements that occur between multiple business process endpoints, rather than
a specific business process that is executed by a single party. Choreography is more collaborative
in nature than orchestration. It is described from the perspectives of all parts (common view),
and defines the complementary observable behaviour between participants in business process
collaboration. Choreography tracks the sequence of messages that may involve multiple parties
and multiple sources, including customers, suppliers, and partners, where each party involved
in the process describes the part they play in the interaction and no party owns the conversation.

Modelling the business process of process level composition can be achieved by choreography.
Indeed the choreography of services is mainly interesting in exchanged messages and behavioural
activities in a composition, which ease the PLC modelling.

On contrary, the choreography based approach to model FLC is not appropriate since this
level of composition focuses on atomic interactions.

Service choreography is targeted by Web Services Choreography Description Language (WS-
CDL) [97], which specifies the common observable behaviour of all participants engaged in busi-
ness collaboration.

2.5 Conclusion

Some of the most notable research challenges for the near future for the services composition
layer include composability analysis for substitution, compatibility, and conformance for dynamic
and adaptive processes, adaptive service compositions, autonomic composition of services, and
QoS-aware service compositions.
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This chapter has aimed to give an overview of recent progress in automated Web services
composition techniques. To this end, we introduced Process Level Composition and focus more
specially on functional level composition. The introduction of the Process Level Composition has
been motivated by its complementary feature with the Functional Level. Main methods that
achieve both levels of composition have been studied. In particular we focus our attention on
Matchmaking and semantic dependences based composition and Al planning and causality rela-
tionships based composition to perform functional composition of Web services. From the study
of functional level of composition we suggested six specific technical and meta requirements (i.e.,
Rgzgf:;z:)%ny REmpressivityu RApplicabilityy RC’omposability; RFlea:ibility and ROptimization) that need
to be met by Al planning and matchmaking based systems to make automatic web service com-
position at functional level a success.

In the following we will investigate on a novel FLC technique that fulfil such requirements.
Not surprisingly, our approach will have roots in both Al planning systems and matchmaking
based approaches to satisfy the latter requirements by:

i) considering an automated process to compute Web service composition. This requirement

Rizgﬁzzﬁn is studied by two different processes in Chapter 4.

ii) considering world-altering services , but also information-providing services to gather rele-
vant information, and of course a mix of both. Therefore input, output, preconditions and
effects will be considered to compute compositions of services. Moreover the number of func-
tional parameters of the latter services will not be limited, or only in cases of performance

5 : : Service : : : ‘
research”. This requirement R7Z705C, . is studied in Chapters 3 and 4.

iii) returning compositions as a partial order of relevant services which supports not only sequen-
RComposition .

tial ordering but also conditional choice and concurrency. This requirement Eapressivity 15

studied in Chapter 4.

iv) considering semantic connection between web services (through their input and output pa-
rameters) as a key concept to perform functional level composition. In a nutshell the tech-
nique relies on domain-dependent ontology for calculating semantic similarity scores (by
means of standard and non standard matchmaking functions studied in Section 1.2.3) be-
tween the concepts in service descriptions, and applies this score to guide the searching
process of the planning algorithm. This requirement Rgi%‘;ﬁifbimy is studied in Chapter 3
and Section 4.1.

v) considering causal laws between Web services to achieve composition at functional level.

. . Causal . . . .
This requirement RComposability is studied in Section 4.2.

vi) returning composition of services on the fly. Contrary to many approaches (e.g., [191, )]
we will not assume any required decompositions, and build semantic connections (more
or less methods and operators of SHOP2) of a composition on the fly. This requirement
RFiexivitity 1s studied in Chapter 3.

vii) presenting a general and extensible model to evaluate quality of both elementary and com-
position of semantic connections. From this, we introduce a global semantic connection se-
lection based approach to compute the optimal composition. Therefore we provide a means

51t is obvious that the number of services together with their number of inputs, outputs, preconditions and
effects have a direct impact on the performance of composition algorithms. However, to the best of our knowledge,
no work focus on a trade-off between service expressivity and composition performance (Chapter 7).
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to value “Semantic” web service composition. This requirement Roptimization 1S studied in
Chapter 5.

viii) supporting standard description of Web services. This requirement Ri;;f{fccsbimy is studied
in Chapter 7.

ix) producing an abstract composition result as a reusable specification we can adapt for inter-
facing with standard proposals of web services orchestration such as OWL-S, BPEL4WS.

. . Composition - . .
This requirement R Applicability 15 studied in Chapter 7.

In the rest of the Ph.D report, we suggest to answer to Question @); presented in Introduction
of this thesis report. The rest of the Ph.D report is structured as follows (see Figure 2.4).

Contribution

First of all, we focus on the main contributions of this thesis (i.e., Part II).

Chapter 3

Q1. How can the semantic composability of Web Services be ensured?

e In Chapter 3, semantic dependences between Web services are defined as the main com-
posabilty (Rg‘%%%zzza%ility) criteria to achieve Web service composition. Towards this issue

: : : Service
we focus on functional input and output parameters of services (RExpressmw).

Q2. What kind of properties the semantic composability of Web services have to satisfy?

e Contrary to most of approaches presented in Tables 2.2 and 2.1 we will consider more se-
mantic matchmaking levels to direct semantic relations between services i.e., Subsumption,
Intersection [124], Abduction [55], Concept Difference [193].

From this innovative valuation of semantic connections between services, new issues related
to robustness connections have been identified. Therefore our proposal will be also char-
acterized by the fact that semantic robustness of any composition is checked during the
composition process, which is unique to our proposal.

Q3. How to define a formal and flexible model that ensures correct semantic composability of
Web services and easily support basic control flow of composition?

e In Chapter 3 a formal and flexible model (Rpjegivitity) for Web service composition is
studied. This model is introduced for facilitating computation (at Design Time) of semantic
dependences between services and also their composition. This model aims at supporting

. o . Composition
expressive compositions of Web services (R Ea:pressivity)'

Chapter 4

Chapter 4 deals with the problem functional level composition. Two complementary automated

. e Composition
Web service composition approaches (R o wation ) 8€ Dresented.

Q4. How can we compose Web services with semantic links?
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e In Chapter 4 the first approach computes compositions depending on the following level
of Web service description: input and output parameters of Web services (a part of
%Z;ﬁfjsmty). In this direction this approach considers semantic dependences as a com-
posability criterion (Rgi%’;ggfbmty). The flexibility (Rpieziitity) of the approach is ensured

by the model presented in Chapter 3.

Q5. How can we compose semantic Web services wherein conditions on their functional param-
eters hold?

e In Chapter 4 the second approach computes compositions depending on the following level
of Web service description: input, output parameters, preconditions and effects of Web
services (R%‘;’;ﬁgfsmty). In this direction this second approach works with semantic de-

pendences together with causal laws (Rg‘;”;l‘;zgffbmty and Rgg%s;fsabimy). The flexibility

(Rplezibimy) of the approach is ensures by semantic links and causal laws of the problem.

Both approaches support expressive compositions of Web services (Rgggﬁiﬁﬂ;) but with
different levels. AT principles and matchmaking based systems are coupled to solve such a

problem.

Chapter 5

Q6. How can we compare and select among a huge number of composition solutions that achieve
the same goal?

e Contrary to approaches that compute optimal composition by considering only non func-
tional parameters (e.g., quality of service), Chapter 5 focuses on functional parameters
of Web services to value semantics of compositions. In particular this Chapter aims at
computing semantic dependences based optimal Web service composition (Roptimization)-
Starting from an initial set of web services, the goal of this chapter aims at selecting web
services and maximizing the overall quality of their inter-connections by means of their se-
mantic dependences according to a goal to achieve. Composition results of Chapter 4 can be
inputs of the optimization process. Therefore Rpypressivitys FComposabitity and REiezivitity
are ensured.

Our Approach in Use

Then Part III presents the prototype implementation of the theoretical Part II, running on
scenarios in use at France Telecom R&D.

Chapter 6

Q9. Are the suggested approaches running on real scenarios and scaling large use cases?

e Chapter 6 presents three different scenarios wherein our approach of semantic Web service
composition has been integrated. These three scenarios respectively refer to a Telecommu-
nication, an E-Tourism and E-HealthCare scenario.

Chapter 7
Q7. How can we achieve an end to end composition of Web services at functional level?

e Chapter 7 presents a reference architecture to achieve an end-to-end composition of Web
services.
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Q8. Are the suggested approaches implemented?

e Chapter 7 presents the implementation of our service composition system. Besides sat-

isfying requirements of the formal model, the system satisfies the following requirements:

Service Composition
RApplicability and RApplicability'

Chapter 7 presents the empirical evaluation of the system performance on the three latter
scenarios in Use.

Conclusion

Finally we conclude with the summary, summarizes the thesis, discusses its contributions and
provides a discussion of the method and future directions for this work.
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Chapter 3

A Framework for Semantic Links
based Web Service Composition

In this Chapter, semantic dependences (redefined by semantic links in the Chapter) between
Web services are defined as the main composabilty criteria to achieve Web service composition.

Towards this issue we focus on functional input and output parameters of services and assume
that any output parameter of any service can be semantically compared (e.g., trough subsumption,
difference relationships, see Section 1.2.3) with any input parameter.

To this end, functional input and output parameters of services are referred to concepts
using a common ontology or Terminology 7' where the OWL-S service profile, WSMO service
capability, SWSO Inputs/Outputs or SA-WSDL (see Section 1.3.2 for further details) can be
used to describe them (through semantic annotations).

The requirement Ri‘;;’jfggbimy is address by the industrial applicability of our model to
OWL-S, WSMO, SWSO or SA-WSDL. The requirement Rgi%%ﬁffbmty is addressed by the
semantic links. The requirement R%grp”jggsmty is addressed by the functional description
of input and output parameters.

Contrary to most of approaches presented in Tables 2.2 and 2.1 we will consider more semantic
matchmaking levels to direct semantic relations between services i.e., Subsumption, Intersection
[124], Abduction [55], Concept Difference [1983].

From this innovative valuation of semantic links between services, new issues related to ro-
bustness links have been identified. Therefore our proposal will be also characterized by the fact
that semantic robustness of any composition is checked during the composition process, which
is unique to our proposal.

Moreover a formal and flexible model (SLM i.e., Semantic Link Matrix) for Web service
composition is studied. This model is introduced for facilitating computation (at Design Time)
of semantic links between services and also their composition. This model aims at supporting
expressive compositions of Web services. On the one hand the requirement Rpjczipisity is ad-
dressed by the SLM model. On the other hand the requirement R$"P0%#°" g aqdressed by

Expressivity

1Distributed ontologies is not considered here but is largely independent of the problem addressed in this Ph.D
study. The interested readers may consult the following book [57] published recently to overcome issue related to
distributed ontologies.

68



CHAPTER 3. A FRAMEWORK FOR SEMANTIC LINKS BASED WEB SERVICE COMPOSITION69

the expressive compositions (i.e., sequential, non determinist choice of Web services, concurrent)
supported by the latter model.

The remainder of this Chapter is as follows. Section 3.1 describes in details semantic links
between Web services. Section 3.2 presents the formal model SLM to deal with semantic Web
service compositions though their semantic links. Section 3.3 describes how the latter model
supports expressive Web service composition. Finally we conclude in Section 3.4.

3.1 Semantic Link

In this section we focus on semantic connections between Web services since they are considered

as the main issue to form new value-added services by composition at functional level. These

connections are required to semantically link output to input parameters (part of Requirement
Service - : : Semantic . 3

Ry ressivity) of Web services (Requirement RZgRIUCE ., ), and also to value Web service com-

position.

To this end we first introduce the definition of semantic links in Web service composition i.e.,
a formal concept for representing the latter semantic connections.

The remainder of this Chapter is as follows. First of all the definition of semantic link is
introduced in Section 3.1.1. Then, we present how a semantic link can be semantically valued in
Section 3.1.2. In Sections 3.1.3 and 3.1.4 we respectively highlight the issue related to validity
and robustness of semantic links. Section 3.1.5 presents some approaches to ensure robustness
of semantic links. Finally we synthesize in Section 3.1.6.

3.1.1 Definition

Here we address the composition problem as a discovery of semantic connections between Web
services, which justify our focus on semantic links.

In the considered context retrieving a semantic connection between two Web services s, and
sy is similar to discover a semantic similarity between an output parameter Out_s, of s, and an
input parameter In_s, of s, (or vice versa). Consequently the goal is to find a matchmaking
function between two knowledge representations encoded using the same ontology 7'

Semantic links? (first introduced in one of our published work® [114]) between Web services
will be in charge of valuating these semantic matchmaking functions. Therefore semantic links
measure the quality of semantic links (i.e., quality of matchmaking functions) between Web
services.

Definition 10. (Semantic Link)
A semantic link (s,, Simy(Out_sy, In_s;), ;) is related to a logical dependency among an output
Out_s, and input parameter In_s, of two different services s, and s.

Roughly speaking a semantic link (Figure 3.1) describes a semantic relation between an output
parameter Out_s, € T of a Web service s, and an input parameter In_s, € 7 of a Web service
s5. Thereby s, and s, are semantically and partially linked according to a matchmaking function
Simy (Out_s,, In_s,). By definition a semantic link (s,, Sims(Out_s,, In_s,), s;) implies that

2In the research area of Al planning, other kinds of links, well known as causal links or protection intervals
[178, | are computed to perform planning.

3In this work the term Semantic Link refers to the Causal Link term, first introduced by [114] in the research
domain of Web services. Their semantics are the same, only the terminology has changed from the previous work.
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Figure 3.1: Illustration of a Semantic Link.

i) s, precedes s, since an output of s, is exploited by an input of s,; and ii) no Web service is
interleaved between s, and s,. The matchmaking function Sims informs about the matchmaking
type between the two parameters as concepts Out_s,, In_s, € 7.

Moreover the latter function is useful not only to value the possible semantic connections
between two Web services but also to compare them. Indeed it is obvious that some matchmaking
types will be preferred and other will be disregarded with respect to their semantic quality. Let
sy and s, be two Web services with their respective output parameters Out_s, and Out_s..
Suppose s, such that Out_s, and Out_s, semantically match with In_s;, Simz is required to
value the two connections (Out_s,, In_s;) and (Out_s,, In_s,) and also to order them.

Example 8. (Semantic Link Illustration)

Suppose AdslEligibility (ELIG) and VoiceOuerIP (VOIP) be two Web services introduced
in Example 4 of Section 1.3.1. We assume without loss of generality that the AdslEligibility
service precedes the VoiceOverIP service. According to the previous definition the two latter Web
services are connected by two semantic links i.e.,

(i) sla described by (ELIG, Simy(NetworkConnection, SlowN etworkConnection), VOIP)
(Figure 3.2(a));

(i) (sly described by (ELIG, Simz (N etworkConnection, Phone Number),VOIP) (Figure

By (i) and (ii) two semantic connections valued by Simy between an output parameter of
AdslEltgibility service and an input parameter of VoiceOverIP service are conceivable. How-
ever it is obvious that the semantic links sl, and sly are not valued by the same matchmaking
function with respect to the domain ontology T and TBox T (Figure 1.4).

3.1.2 Semantic Link Valuation and Properties

Despite some existing methods [152, ], solving a mapping problem is hard because the syntac-
tic form of two knowledge representations rarely matches exactly. Indeed the semantic match-
making Simgs computed between an output and input parameter does not always refer to an
Exact match e.g., sl, in the previous example.

That is why Sim7 aims at expressing which matching type is used to chain Web services. As
previously presented in Section 2.1, many Web service composition such as [210, , 45, , 40]
reduced this function to the four well known matchmaking functions introduced by [152] (and
presented in Section 2.1.2) with the extra match level Intersection of [124]:
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Figure 3.2: Illustration of a Semantic Link.

e Exact (=) If the output parameter Out_s, of s, and the input parameter In_s, of s, are
equivalent concepts; formally, (7, A) = Out_s, = In_s,.

e Plugln (C) If Out_s, is sub-concept of In_s,; formally, (7, A) = Out_s, C In_s,.
e Subsume(d) If Out_s, is super-concept of In_s,; formally, (7, A) = Out_s, 3 In_s,.

e Intersection (M) If the intersection of Out_s, and In_s, is satisfiable; formally, (T, A) =
Out_s, MIn_s; C 1.

¢ Disjoint (L) Otherwise Out_s, and In_s, are incompatiblei.e., (T, A) |= Out_s,MIn_s, C
1.

For instance, the Plugln match means that an output parameter of a service s, is subsumed
by an input parameter of the succeeding service s, whereas the Subsume match means that an
output parameter of a service s, subsumes an input parameter of the succeeding service s,.

In the following the five previous semantic matching functions considered to value semantic
links will be ordered to ease their comparison. Such an ordering is required to infer which
semantic matching function i.e., semantic link is more general or specific than another. To
do this we suggest to first order them with the logical implication operator = as presented in
theorem 1. Second the semantic matching functions will be discretized according to the previous
partial order (Table 3.1).

The discretization of the matchmaking function enables us to estimate and represent the
semantic quality of a semantic links.
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Theorem 1. (Partial Order on Semantic Matchmaking Functions)
The partial order on the matchmaking functions Ezact, Plugln, Subsume, Intersection is de-

fined by the relations (i) and (ii) where = refers to the binary and logical implication between
Out_sy\set{L} and In_s;\set{L}*

(i) Exact = PlugIn = Intersection
(ii) Exact = Subsume = Intersection

Proof. The proof of this theorem is divided into four different steps. Each step follows a trivial

logical implication. O
’ Match Type \ Logic meaning Discrete Simz (Out_sy, In_s,) ‘
Ezact (=) (T,A) = Out_s, = In_s, 1
Plug-in (C) (T,A) = Out_sy C In_s, s
Subsume (3J) (T,A) = Out_s, J In_s, z
I
0

Intersection (M) | (T, A) = Out_s, MIn_s, T L
7T,A)

Disjoint (L) (7T,A) =Out_syMNIn_s, T L

Table 3.1: Discretization of Semantic matching functions described by Simy.

The function of matchmaking described by Simgs(Out_s,, In_s,) between an output parame-
ter Out_s, of s, and an input parameter In_s, of s, is close to the degreO f Match(Out_s,, In_s,)
function introduced by [152].

However this function is considered in Web service composition and not in discovery. More-
over Sim7 is extended with the Intersection matchmaking function to consider more degrees of
semantic matching.

The suggested approach introduced also a partial order based on the logical implication
relation to compare semantic links and their values.

3.1.3 Semantic Link Validity

According to the previous matchmaking functions, a valid semantic link is defined by means of
Definition 11.

Definition 11. (Valid Semantic Link)
A semantic link (sy, Simy(Out_sy, In_s;), sy) ts valid iff Sim7(Out_sy, In_s;) # Disjoint i.e.,
(T, A) = Out_syMIn_s, T L.

Roughly speaking, a valid semantic link between two Web services describes a potential match
[49] between two parameters (i.e., (7, A) = Out_s, M In_s, C 1), hence a valid and potential
link between these Web services to form a composition.

Definition 12. (Valid Web Service Composition)
A walid composition of Web services consists of only valid semantic links.

Example 9. (Valid Semantic Link Illustration)
Consider the previous example with the semantic links sl, and sly. It is trivial that the match-

making function referred by sl, is Subsume whereas the matchmaking function referred by sly is
Disjoint. Indeed

4Since Yout_sy, L C out_sy # L Mout_s,, we required to consider any out_s, different from L in our theorem.
In the same way any In_sg is different from L.
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o (T, A) = NetworkConnection J SlowN etworkConnection;
o (T, A) = NetworkConnection M PhoneNumber C L,

with respect to the domain ontology T .
According to definition 11 sl, is a valid semantic link whereas sl is not.

3.1.4 Semantic Link Robustness

The five match levels are far from enough to bring Web service composition as a semantic links
composition to its full potential.

The Exact match is clearly appropriate to chain two Web service parameters since they refer
to equivalent concepts. The Plugln match is also a possible match to plug an output parameter in
an input parameter of another Web service since the output parameter provides more information
than the input parameter required. The Disjoint match informs about the incompatibility of two
Web service parameters hence an invalid semantic link.

Even if the matchmaking Exact, PlugIn, and Disjoint can be used without any change to value
semantic links in a Web service composition, the match levels Intersection and Subsume need
some refinements to be fully efficient for semantic links composition. Suppose a semantic link
(8y, Sim7(Out_sy, In_s;), s;) valued by a Subsume match level i.e., (T, A) = Out_s, J In_s,.

It is obvious that such a semantic link should not be directly applied in a Web service com-
position since the output parameter Out_s, is not specific and specified enough to be exploited
by the input parameter In_s,. We say also that In_s, is over specified and Out_s, is under
specified. In other words the output parameter Out_s, requires an Extra Description to obtain
a composition of these two Web services.

In the same way a semantic link valued by an Intersection match needs a comparable re-
finement. That is, two different kinds of semantic links require more attention: robust and non
robust semantic links.

Definition 13. (Robust Semantic Link)
A semantic link (sy, Simg(Out_sy, In_s;), sz) is robust if and only if Simz(Out_sy,In_s;) is
either Ezxact or Plugln.

Example 10. (Some Limits of standard Matching functions)
Let sl, illustrated in Figure 3.2(a) be the valid semantic link defined by:

o (ELIG, Simy(NetworkConnection, SlowN etworkConnection), VOIP)

By definition 13 the valid semantic link sl, is not robust (Figure 3.3). Indeed the match level of
sl, is Subsume since

o (T, A) = NetworkConnection J SlowN etworkConnection.

It is obvious that this semantic link cannot be applied in a composition since the output pa-
rameter NetworkConnection is under specified to be exploited by the input parameter SlowNet-
workConnection. The output parameter NetworkConnection requires an Extra Description to
enable a composition of these two services.

Once the definition of robust semantic links introduced the notion of robust composition of
Web services is as follows.

Definition 14. (Robust Web Service Composition)
A composition of Web services is robust if and only if all its semantic links are robust.
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Phonezl\‘hlgl% Adsl PhoneNumber —
ipCode | NS .

Eligibility = Nctwork Slow —=
Mail p ' e - L D
. - Service ! Connection  — Network

—— VoIPId

Nnet Pro.Provider - Vnet Pro.Provider
VnetSpeed.Speed — T

e Semantic Link sl,
Under Specified Information  qubsume Match Level

Figure 3.3: Illustration of a Non Robust Semantic Link s/, valued by a Subsume Match Level.

Robust semantic links in a Web service composition are key components since they enable
us to obtain robust Web service composition. In the opposite Web service composition with non
robust semantic links can fail since some information is missing.

3.1.5 Ensuring Robustness in Semantic Links

A possible way to state the problem we obtain for non robust semantic links (s, Simz (Out_s,,
In_s;), sy) valued with an Intersection or a Subsume match level is to find the information con-
tained by the input parameter In_s, and not by the output parameter Out_s,. In other words
some descriptions have to be retrieved to transform a non robust semantic link in its robust form.

To do this, we exploit a non-standard inference match level for DLs i.e., the difference (well

known as subtraction operation) introduced by [35] for comparing DL descriptions and adapt it
to the problem of semantic matching between Web service parameters.
The difference operator, introduced by [102] and explained in Section 1.2.3, enables us to

remove from a given description all the information contained in another description. The dif-
ference between two concept descriptions C' and D with C C D is given by (3.1).

C\D := rgin{B|BI‘ID =CnDbD} (3.1)
2d

In other words, B represents an explanation on why D is not classified by C' with respect to
7. Thus they defined the difference between two (in)comparable concept descriptions C and D
as (3.1).

Remark 1. Considering an ALN DL, Concept Abduction [/8, 55] is also able to compute a
concept expression B representing what is underspecified in D in order to completely satisfy C
taking into account the information modelled in a TBox T .

As suggested and argued in Section 1.2.3 we focus on (3.1) to define Difference in ALE
descriptions logics. The latter difference operator will be used to overcome the problem of
robustness in Web service composition.

In this direction the Concept Difference is primarily performed to capture in a logical way
the reason why an output parameter Out_s, of a s, and an input parameter In_s, of s, may
not be chained by a robust semantic link.

The idea behind our approach is the following. In case a semantic link (s, Sims(Out_sy, In_s,),
$z) is valid (not valued by a Disjoint matchmaking) but not robust (i.e., valued by neither an
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Exact nor a PlugIn matchmaking), we compare Out_s, and In_s, to obtain two kinds of infor-
mation:

(i) the Eztra Description In_s;\Out_s, that refers to information required but not provided
by Out_s, in order to semantically link it to the input In_s; of s;

(ii) the Common Description Out_s, M In_s, that refers to information required by In_s, and
effectively provided by Out_s,,.

As previously said semantic links concerned by the computation of concept difference are links
valued by either a Subsume or an Intersection matching i.e., non robust semantic links. In the
Subsume case we compute the Extra Description B contained in In_s, such that the matching
between BrOut_s, and In_s, be Exact. By (3.1) this Eztra Description In_s;\Out_s, is defined
by min<,{B|B M Out_s, = In_s,} since Out_s, J In_s,. In case the semantic link is valued by
an Intersection match (i.e., =(Out_s, MIn_s; C 1)) we compute the Eztra Description B that
is not specified in Out_s, to reach a Plugln match between B M Out_s, and In_s,.

Example 11. (Extra Description Illustration)
Let sly, illustrated in Figure 3.3 be the non robust semantic link defined by:

o (ELIG, Simy(NetworkConnection, SlowN etworkConnection), VOIP).

Such a semantic link requires a semantic refinement to be robust enough in order to be applied in
a composition of Web services. On the one hand the description missing in NetworkConnection
to be plugged in the input parameter SlowNetworkConnection is referred by the Extra Descrip-
tion i.e., SlowNetworkConnection\ N etworkConnection i.e., VnetSpeed.Adsl1M . On the other
hand the common description defined by the conjunction of the output parameter of ELIG and the
input parameter of VOIP is referred by the information required by SlowN etworkConnection and
effectively provided by NetworkConnection. In this way we remark that the intersection between
the output parameter NetworkConnection and the Extra Description Slow N etworkConnection\
NetworkConnection i.e., VnetSpeed.Adsl1 M is an Exact match with SlowNetworkConnection.

Example 12. (Common Description Illustration)

Let sl be the non robust semantic link illustrated in Figure 3.3. The Common Description s not
empty since this is defined by Slow N etworkConnectionM N etworkConnection i.e., Vnet Pro.Pro—
vider T VnetSpeed.Speed.

We illustrated the rationale of our approach by computing what is required in order to replace
a non robust semantic link by its robust form. In particular, we are able to change an Intersection
by a Plugln match, and a Subsume by an Exact match in order to obtain robust semantic links
(modelled with v'in Table 3.2). We could also consider other substitutions of matchmaking
functions e.g., find a way to change a Subsume by a PlugIn match, or an Intersection by an Exact
match and so on. However these substitutions are out of interest in Web service composition
since

(i) some substitutions required the computation of Out_s,\In_s, (modelled with X;y in Table
3.2) e.g., from Plugln to Exact;

(ii) some others are not relevant because they implied a loss of matchmaking quality (modelled
with X;;) in Table 3.2) e.g., from Plugln to Subsume.

Table 3.2 summarizes these different levels of substitution. Suppose the substitution of a
Plugln by an Exact match in order to improve a semantic link valued by a Plugln match level.
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The case under consideration is i) since we have to compute B’ such that Out_s, = B’ M In_s,.
B’ is defined by Out_s,\In_s,; to model the exact match. Unfortunately the description B’
cannot be added to In_s, since input parameters of services are supposed static without possi-
ble alteration. In the opposite output parameters of services may be enhanced by some Fxtra
Descriptions® (Out_s, M B) in order to be chained with input parameters of other services. Now
suppose the case ii) wherein the Subsume match is replaced by a Plugln match. Consequently,
the Extra Description B’ is computed as B’ C B such that B is defined by In_s,\Out_s,. By the
way B’ M Out_s, C In_s,; whereas BMOut_s, = In_s,. It is obvious that B is more appropriate
than B’. The former enables an Exact match whereas the latter changes the Subsume by the
PlugIn match.

Substituted Potential Substitute Match Type
Match Type || Exact | PlugIn | Subsume [ Intersection
Exact - X“) X“) X1)7“)
PlugIn Xi) - xi),ii) Xi)
Subsume v Xip) - Xip)

Intersection X v Xi) -

Table 3.2: Substitution of Match Levels for Web Service Composition. Legend: X = not sup-
ported, v'= fully supported.

In case some semantic links (s, Stmy(Out_sy, In_s;), s,) are not robust enough but valid,
we are able to compute an FExtra Description from In_s, in order to substitute the previous
link by its robust form. In other words semantic links valued by a Subsume or an Intersection
match level move to robust semantic links in case their Fxtra Descriptions are provided. The
latter description is essential to compute a robust service composition. The Fxtra Description
returned by difference (3.1) is not only necessary to explain where a semantic link composition
may fail but also why a semantic link failed and how to improve it. A composition failure is
due to non robust semantic links since the matchmaking between Web services parameters is not
robust enough.

3.1.6 Synthesis
Limitation of Semantic Links

In computing semantic link, a single output from one service can be related to only a single
input to a possible following service (see Definition 10 of semantic link). In our approach this is
a necessary restriction. It appears that our use of DL for describing inputs and outputs would
allow generalizations of inputs and outputs to be matched. For instance a conjunction of output
parameters from different Web services could be semantically matched to one (or more) input
parameter(s) of a (or more) services. To this end the semantic link definition requires to be
extended. Such an extension is straightforward.

5As we will study more precisely in Section 4.1, the Extra Description could be known, for instance, i) by
discovering Web services that provide such a description as output parameter or ii) by requesting the end-user to
provide such a description.
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Some Concluding Remarks

Till now, we have specified the formal context for semantic Web service composition at functional
level. In this direction semantic links (Requirement Rgi”%%gfbmty) between functional input and
output parameters of Web services (Requirement R%@’;}ﬁecsesmw) have been introduced, defined
and illustrated on several semantic Web services. The latter links are considered as a key concept

to form compositions of semantic Web services.

The main difference with techniques described in Section 2.1 is related to the semantic level of
potential links between Web services. Contrary to [139] that considers preconditions and effects
of Web services, here we focus more on utilization of output parameters by input parameters of
other Web services by means of semantic links. Moreover the semantic links consider different
semantic levels (Equivalence, Subsumption, Intersection[124], Abduction [55], Difference [198])
of direct relations between Web services whereas [139, | check only Satisfiability between some
effects and preconditions of Web services.

Moreover we presented important criteria related to validity and robustness of semantic links.
Such criteria can be used to detect mismatching between Web services. More precisely valid se-
mantic links refer to semantic links that can be useful for any Web service composition whereas
robust semantic links are required to form robust Web service composition. In addition we ad-
dressed different solutions to ensure robustness of semantic links such as the Concept Abduction
or Concept Difference. Therefore mismatched connections between Web services can be repaired
through a fine-grained process of mediation (actually finer that the WSMO mediation).

From these definitions we will define a composition of Web services at functional level as

A plan of services wherein all services are semantically well ordered and well linked by
semantic links (robust or not but valid).

3.2 Semantic Link Matrix

In this section, we introduce a formal model so called Semantic Link Matriz (henceforth SLM).
Such a model aims at easing the automated process of Web service composition and at improv-
ing its performance i) by computing, ii) by storing and iii) by classifying all valid semantic link
(Requireme;nt Rgi%‘;ﬁgfbility) between a set of Web services in a simple, intuitive and flexible
way (Requirement Rpiegivitity)-

In this section we do not address Web service composition but the problem of:

Elaborating and computing a formal and flexible model which consists of relevant, pre-
computed and valid semantic links we can potentially find in a composition.

The rest of this Section is organized as follows. Section 3.2.1 introduces important notations
related to the formal model SLM and gives a detailed definition of the model. The construction
of the SLM is detailed in Section 3.2.2. Finally we synthesizes in Section 3.2.3.

3.2.1 Notations and Definition of Semantic Link Matrix

The Semantic Link Matrix, introduced in this section, aims at suggesting a model for composing
a finite set of semantic Web services Sy .
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To this end the latter set of services is supposed to be discovered in a relevant way, given a
composition goal. In other words we assume that a process of discovery such as [197, 24] has
been performed in order to first retrieve a finite set of Web services Syys.

Given this set of Web services, we aim at first computing a formal model to organize these
Web services (Section 3.2) and then using this model to achieve a composition of a subset of the
latter discovered services (Chapter 4).

In the following we first give some notations and then we focus on the Semantic Link Matriz.

Some Notations

Since the definition of SLMs requires some new but simple definitions i.e., a) Out(sy), b) In(sy),
¢) Input(Sws), d) Output(Sws) and e) 3, we suggest to introduce and illustrate them in the
following.

Suppose Sy s be the set of Web services with the upcoming services s, and s,. From this,

5

o
_ D

Out(sy) refers to the set of output parameters of the Web services s,;

o

In(s,) is the set of input parameters of the Web services s,;

Input(Sws) refers to the set of all input parameters of all services included in the set Syys;

(oW

Output(Sy ) refers to the set of all output parameters of all services included in the set Sy .

0 will refer to the composition goal in the rest of the Ph.D report. In our approach [ is simply
viewed as a subset of the TBox 7. These concepts have to be reached i.e., our ultimate issue
is to find a composition of Web services which are able to find an instance of each concept in
B. B will be required and used during the AI planning-based composition (Section 4.1).

)

Output(Sys)

syuj
5
w0

4

N . - Sy B

~|  Service

Sy

I
/ Service || !
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: .

(')

Figure 3.4: Some Important Notations required to formally define SLMs.
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Example 13. (Out(sy), In(sy), Sws, Input(Sws) and Output(Sws))
Let the motivating example j be in Section 1.5.1 and its set of relevant Web services Sy s be
defined by AdslEligibility, VoiceOverIP, TvOverIP and LiveBox Services.
Figure 3.4 illustrates the previous defined elements related to Sy s.

Table 3.3 and

. AdslEligibility S, VoiceOverIP TvOverIP LiveBox
Services s, — T
‘ Sp Se Sy
{PhoneNum, {PhoneNum, {PhoneNum,
Input(s,) Zi{lé’};zzejg??nrz;'l} SlowNetwork- | FastNetwork- IPAddress,
p ’ Connection} Connection} Decoder}
Output(s,) {Jilcm}u {NC} {]1\7[29}75— {VoIPId} {VideoDecoder} {Invoice}
Tnput(Sws) {PhoneNum, ZipCode, Email, SlowN etworkConnection,
p Ws FastNetworkConnection, IPAddress, Decoder}
Output(Sw) {Invoice, FastNetworkConnection, NetworkConnection,
P Ws VoIPId, VideoDecoder, SlowN etworkConnection}

Table 3.3: Out(sy), In(sy), Input(Sws) and Output(Sws) in the Motivating Example.

Definition of Semantic Link Matrix

In the following we define an SLM as a matrix containing all enabled, legal and valid transitions
for a Web service composition goal. Non valid semantic links are disregarded from an SLM point
of view since a semantic link valued by a Disjoint match level (Table 3.1) refers to an inconsistency
between two output and input parameters of Web services. In contrary all valid semantic links
between two output and input parameters of Web services are explicitly represented with a
value pre-computed by means of the Simz function (Table 3.1). The latter value is based on
the semantic quality of the valid semantic link. The more valid semantic links, the better the
functional composition.

Definition 15. (Semantic Link Matriz SLM)

The set of p x q¢ Semantic Link Matrices® is defined as matrices My, o(P(Sws x (0,1])). Their
columns ¢; jeq1,....q1 are labelled by concepts in (Input(Sw,s)UB) € T i.e., the inputs parameters
of services Input(Sw ) in Sws and the concepts described by the goal set  C T. Rows 1 ic(1,....p}
are labelled by Input(Sws), the inputs parameters of services in Sws. Each entry m; ; of an SLM
M is defined as a set of pairs (s, score) € Sws x (0,1] such that

(sy, score) 1= (sy, Simg(Out_sy,c;)) if sy € Sws, Out_s, € Out(sy) (3.2)

with r; € T N In(sy) C Input(Sws) is the label of the it" row.
with ¢; € TN (Input(Sws)JUB) is the label of the " column.

A SLM is seen as a matrix with entries in P(Sws % (0,1]). Each entry of an SLM refers to a set
of pairs (s, score) such that the score refers to a semantic similarity Simz(Out_s,, ¢;) between
an output parameter Out_s, € T of a service s, and an input parameter ¢; € Input(Sy,)US of
another service in Sy,. Indeed columns c; of the SLM are labelled by all input parameters of
the relevant Web services Syys.

6P (S) refers to power set of S.
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Remark 2. (SLM or a Matriz of Valid Semantic Links)

Since all entries of SLMs are defined on P(Sws x (0,1]), possible values of semantic links are
defined in (0,1]. According to Table 3.1, the only possible matchmaking functions met by the
semantic links are Intersection, Subsume, Plugln and Exact. According to Definition 11, only
valid semantic links can be referred in an SLM.

Remark 3. (Key Feature of SLMs)

The innovative feature of SLMs is to label rows and columns together with the same set of concepts
in T i.e., input parameters of Web services in Sy . The link between a row and column of such
a matriz is defined by a possible semantic link between an output parameter of a service and a
column of the matriz.

All SLMs in M, ,(P(Sws x (0,1])) of a given domain are defined by means of their number
p of rows and number ¢ of columns. SLMs of a domain are also related to the pre-defined goal
(. By considering #(() be the cardinality of goals we have the following relations:

#(Input(Sws)) (3.3)
q = p+#(B)—#(BN Input(Sws)) (3.4)

Definition 16. (Dimension of SLMs)
In compliance with [20] the dimension of a semantic link matriz in M, (P (Swsx (0,1]) is defined
by:

dmp sy, x (0,11 Mp,g (P(Sws X (0,1])) = p x g. (3.5)

In the general case, SLMs are not square matrices since q > p.

i/j index| 1 2 3 4 5 6 7 8
Tilaper  |Email [Decoder [FastNC [[PAddress [PhoneNum [SlowNC [ZipCode
¢jlaber  [Email Decoder FastNC [[PAddress [PhoneNum [SlowNC [ZipCode |[nvoice

Table 3.4: Labels of the rows r; and columns ¢; of the 7 x 8 matrix M.

Example 14. (Illustration of SLMs indexes and labels)
Suppose the motivating example 4 be in Section 1.53.1 with the following six Web services:

o 4dslEligibility (S,),

AdslEligibility- (S, ),

AdslEligibility+ (S),

VoiceOuerIP (S,),

TvOverIP (S.),
e LiveBoz (Sg),

as elements of Sys.

Suppose {Invoice} be the only concept in goal (3.

The number of rows and columns are respectively equal to 7 and 8 (Table 3./) according to
equalities (3.3), (3.4) and definition of SLMs.

Therefore rows and columns of the SLM M of this domain are respectively indexed by:
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o {1,..,7}, {1,...,8},
and labelled by:

e concepts 1 icq1,...,7y» Cjje{l,...,.8} of the TBor T.

.....

For instance the row r1 and the column c1 are labelled by the concept Email whereas the row
r3 and column cz are labelled by the concept FastNetworkConnection (Table 3.4).

3.2.2 Construction of Semantic Link Matrices

The Algorithm 1 presents the different steps of the SLM construction [117]. Such a construction
consists in discovering a semantic similarity score between the output parameters of all services
sy € Sws and the input parameters of another service in Sy,. In case the value score is not
null, the pair (s, score) is added in the SLM. To do this, all input parameters of Sy, are parsed
two times (p times in line 4 and ¢ times in line 6) to build the p X ¢ matrix. Moreover all
output parameters of Sy s are parsed (line 8) to value the matchmaking function (Table 3.1) of
a potential valid semantic link.

Algorithm 1: Semantic Link Matrix Construction.

Input: Sws, 7.
Result: The Semantic link matrix M of the domain.
begin
foreach row r; of the SLM M do
foreach column c; of the SLM M do
foreach Web service s, € Sy s do
if r; € In(sy) then
L if J0ut,, € Out(sy) & Sim7(Out_s,,c;) # 0 then

© 00 N O A~ W N =

| ey — My e, U (8, Simg(Out_sy, c;));

10 return M;
11 end

According to Algorithm 1 the Semantic link matrix construction is mainly function of the car-
dinality of Output(Sws) and Input(Sws). The algorithmic complexity of the SLM construction
is then

9(#(InPUt<SWS)) X #(Inp’Ut(SWs)) X #(SWS)) (36)
so cubic in the worst case [117]. However an optimal process of the SLM construction can be
computed in

0(# (Input(Sws)) x #(Output(Sw))) (3.7)

or O(Maz{# (Input(Sw)), #(Output(Sws))}?)

so square in case #Sws < #(Input(Sws)).

Example 15. (Semantic link matriz illustration with Tables 3.3, 3.4)
Suppose the motivating example with the set of Web services Sy in Table 3.3. We can easily
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compute the SLM of the domain according to algorithm 1 and Table 3.4 to obtain an SLM M
with entries in P(Sws x {7, %,2,1}).

214

0 0 {(87:3),(Sa, 5):(SH,1)} 0 0 {(S5.1).(Sa,5),(ST )10 0

00 0 00 0 0 {(Sa,1)}

0 {(Se,%)} 0 0 0 0 [ 0
M=1_|0o o 0 o0 0 0 {(Sa.1)}

0 {(Se,2)} {(55,3),(8a,3),(ST 1} {(S6, %)} 0 {(S5,1),(Sa,3),(SF,3)} 0 {(Sa,1)}

0 0 0 {(S5,1)} 0 0 0 0

0 0 {(87,3):(5a,%),(SF, 1)} 0 0 {(S;,1),(Sas3),(ST, %)} 0 0

The entry ms 3 (i.e., MphoneNum,FastNc) s equal to {(S,, %), (Sa, %), (S,1)}. Indeed a Web
service S, with one input parameter PhoneNum (row 5) and an output NetworkConnection se-
mantically similar to FastNetworkConnection (column 3) exists in Sws. (Sq, Simz(Network-
Connection, FastNetworkConnection), Sy) is a valid semantic link since the matchmaking func-
tion valued by Simy(NetworkConnection, FastN etworkConnection) is a Subsume match level
i.€., %

Proposition 1. An entry m; ; of a semantic link matric M € M, o(P(Sws % (0,1])) is different
from the empty set if and only if the following conditions is satisfied:

o ds, € Sy with at least one input r;.1qpe1 € T and one output Out_s, € Out(sy) NT such
that Sim1(Out_sy, ¢;iaver) # 0 (SLM definition).

3.2.3 Synthesis
Semantic Link Matrix and Scalability

Since the flexibility feature of Web service composition model is supposed to be fundamental in
volatile environments such as the Web services area (Requirement RFiczivility), the SLM model
aims at being as flexible as possible.

Indeed dynamic process of Web service discovery could be applied to modify an SLM of given
domain. In this direction the SLM model is quite appropriate to support fundamental criteria
such as alteration and modification (e.g., insertion, deletion, or update) of Web services in Sy,
hence a flexibility of the model. Each new update of Sy is supported by an SLM revision
together with a revision of the domain ontology T'. For instance the integration of a new Web
service is related to the insertion of new labelled rows and columns in the worst case. In the
alternative case the integration of a Web service means a simple insertion of this service in the
relevant entry(ies) of the specific SLM.

Therefore incremental systems wherein new Web services are progressively added, are sup-
ported by the SLM model. In the same way deletion of Web services in a given SLM can be
easily performed as well.

The set of Web services Sy, involved in the SLM is closed in order to limit its dimension.
This assumption seems appropriate to perform Web service composition with a bounded number
of Web services such as required in real and industrial scenarios. Even if the SLM dimension
and its computation is only square with the number of input parameters of Sy, such a level of
complexity may be a real issue to scale with more complex cases of composition e.g., hundreds of
thousands of Web services involved in a composition. Computing the SLM in such a domain can
really weaken the model used by our composition approach, presented in Section 4.1. One possible
direction to overcome this issue is to consider SLMs with a major part of empty entries since SLMs
are sparse in most of cases. In such a case the SLM model is replaced by a more subtle model i.e.,
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lists of semantic links wherein we store only valid semantic links. The space complexity of this
model is then drastically reduced. However our composition approach presented in Section 4.1
will require some minor changes since our composition method assumes an SLM of the domain.
We remark that scenarios that require a composition of hundreds of thousands of Web services
is more than improbable in real industrial scenario since its execution will be a real open issue.

Goal-Independent Semantic Link Matrix

The Definition 15 can be detached to the concept of goal in order to provide a goal-independent
SLM definition. In this direction we provide a context adapted for Web service composition and
for no predefined goals. This is quite appropriate for adaptability of our model in any composition
problem.

Some Concluding Remarks

In this section, we introduced a formal model so called Semantic Link Matriz and its construc-
tion process. Such a model aims at preparing the automated process of Web service composi-
tion i) by computing, ii) by storing and iii) by classifying all valid semantic link (Requirement
Rgf;:ln‘;gig‘mmy) between a set of Web services in a simple, intuitive and flexible way (Requiere-
ment Rpjezibitity)-

The key contribution of the SLM is a formal and semantic model to control a set of Web
services Sy s which is relevant for a composition goal.

In the following section, we describe how the SLM of a given domain can support expressive
Web service composition.

3.3 Semantic Link Matrix and Web Service Composition

The concept of semantic link introduced in Section 3.1 is quite appropriate to model trivial
composition such as the composition illustrated in Figure 3.57.

Out sy,
Insy, 7 Valid Semantic Link sl;
T Out_s,y, In_s,, —
s T7TTTTTT"Valid Semantic Link sl s, Ol
g, TTTTTT 5 7 AN S N g =~ UL_S,
In_s,, Service [\= Qs o Ins. =} Service
. Valid Semantic Link sl,
— \\; = Out_sy, | In.s, — ——
In.s, N\ TTTTTTTTTTTTTTToTmmomomomsomomoosonons ’
Out_s,

Figure 3.5: Illustration of the simplest case of a Web service composition s;06s,,.

"In such a level of composition, all input parameters of a Web service s; can be provided by some output
parameters of the direct Web service predecessor sy,.
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Unfortunately Web service composition is more subtle than the latter trivial case of com-
position. Indeed, in real scenarios a composition of Web services can be designed by means
of the simple sequence construct (Figure 3.5), but also by means of more complex constructs
such as the non deterministic choice of Web service or the concurrency constructs (Requirement

Composition .
RE‘pressivity) as well (Flgure 36)

In_s,,,
e __ Valid Semantic Link sl, Conjunction of Service
: Sy A\ (8, V Sy)
In_s,, .
/
IWI,SyL”
In_s,,,
\ )

-

) Out_s,
Sy, OT Sy,

In_s,, Service

I Non Determinist Choice of Services
In_sy,, Sy V Sy,

Figure 3.6: Illustration of more complex cases of a Web service composition.

By classifying all valid semantic links in the SLM (see Section 3.2), we are ensured to discover
all compositions of Web services which are related by semantic links.

By introducing the SLM model we consider a simpler composition problem i.e., the semantic
link composition. Therefore the Web service composition is mapped to a semantic link com-
position wherein semantic links inform about semantic connections between Web service. The
solutions of Web service composition will be mainly oriented by the SLM of the domain.

In this section we describe how the latter model can support not only trivial composition
(Figure 3.5) but also expressive compositions of Web services (Requirement Rg;’;ﬁ,’;@iﬁ;’;)

The rest of this Section is organized as follows. Section 3.3.1 introduced the concept of
Sequence Composability between Web services. In Section 3.3.2 we describe how expressive Web
service composition can be modelled by the semantic link matrix of a given domain. Finally
Section 3.3.3