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The increasing volume and diversity of information in biomedical research is demanding new approaches
for data integration in this domain. Semantic Web technologies and applications can leverage the poten-
tial of biomedical information integration and discovery, facing the problem of semantic heterogeneity of
biomedical information sources. In such an environment, agent technology can assist users in discovering
and invoking the services available on the Internet. In this paper we present SEMMAS, an ontology-based,
domain-independent framework for seamlessly integrating Intelligent Agents and Semantic Web Ser-
vices. Our approach is backed with a proof-of-concept implementation where the breakthrough and effi-
ciency of integrating disparate biomedical information sources have been tested.
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1. Introduction

There is currently a huge volume of biomedical and genomic
data Internet-available [1]. However, data are distributed into het-
erogeneous biological data sources, with little or even none infor-
mation organisation. Therefore, integration and exchange of data
within and among organisations is a universally recognised need
in bioinformatics [2]. One of the major obstacles for integration
efforts in bioinformatics is that relevant information is widely
distributed, both across the Internet and within individual organi-
sations. Besides, it can be found in a variety of storage formats,
including structured and semi-structured ones.

The Semantic Web [3] provides a common framework that
enables for data integration, sharing and reuse from multiple
sources. Particularly, the use of ontologies [4] for domain knowl-
edge representation can help bioinformatics in solving the hetero-
geneity problem. On the other hand, goal-driven architectures and
service-based, loosely-coupled infrastructures have proved to be
very useful when dealing with data and functionality integration
from different and disparate sources. Web Services are the leading
technology for developing service-oriented architectures. They
provide the means for universal, remote execution of functionality.
The breakthrough of adding semantics to Web Services leads to the
Semantic Web Services paradigm [5]. Semantic Web Services
ll rights reserved.

).
technology enables the automation of service discovery, composi-
tion, invocation and monitoring. However, potential users might
deter from using Semantic Web Services since their underlying for-
malisation and unease of use hampers its use from rich user-inter-
action perspective.

Agent technology has been broadly studied over the last 30
years. This field emerged due to the promising benefits of having
applications with a technology that allows systems to decide by
themselves what they need to do in order to satisfy their design
objectives [6]. The usefulness of agent technology in a Semantic
Web Services environment is 2-fold. They can act as the autono-
mous software entities that discover, compose, invoke and monitor
services without human intervention, thus preventing users from
carrying out this kind of arduous, time-consuming tasks. Besides,
agents possess the ability to adapt to changing situations and han-
dle the dynamism of Semantic Web Services environments.

In this paper, we present an ontology-based framework that
successfully combines both Agent and Semantic Web Services
technologies to enable the integrated access to biological data
sources. The main goal is the seamless integration and application
of these technologies in such a way that their deficiencies are over-
come and their utility maximised. Our contribution is an overall
solution, based on a fully-fledged architecture and proof-of-con-
cept implementation that serves as a meeting point for both ser-
vice consumers and service providers through a user-friendly,
web-based graphical interface. Once the foundations and main
concepts of the referred framework are pointed out and its
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architecture detailed, we show how the framework can help in
solving the integration and heterogeneity problems in the chal-
lenging field of bioinformatics.

The rest of the paper is organised as follows. In Section 2, the
fundamentals of the technologies employed in our research are de-
scribed. A summary of some of the existent resources on biomed-
ical information throughout the Internet is presented in Section 3.
In Section 4, a framework for effectively integrating Agent and
Semantic Web Service technologies is formulated. In Section 5, de-
tails of how this framework can be applied to the biological domain
are provided. Finally, conclusions and future work are put forward
in Section 6.
2. Background

The aim of this section is to provide a detailed state-of-the-art
of the technologies utilised in this work and a description of the
application domain (i.e. Bioinformatics).

2.1. Multi-Agent Systems and Semantic Web Services

2.1.1. Agent technology
The Intelligent Agent (IA) and Multi-Agent System (MAS) area

has received ever-increasing attention by researchers over the last
few years. This field emerged due to the promising benefits of hav-
ing applications with a technology that allows systems to decide
for themselves what they need to do in order to satisfy their design
objectives. A common accepted definition of the term ‘Agent’
determines that an agent is a computer system situated in some
environment and capable of autonomous action in this environ-
ment in order to meet its design objectives [6]. Wooldridge also
highlights that an agent has to fulfil some properties in order to
become intelligent: reactivity (i.e. the ability to perceive its
environment and respond to changes in it in a timely fashion),
pro-activeness (i.e. the ability to exhibit goal-directed behaviour
by taking the initiative), and social ability (i.e. the ability to interact
with other agents). This is what Wooldridge and Jennings called
the weak notion of agency [7].

Agents can be useful as stand-alone entities that are delegated
particular tasks on behalf of a user. However, in the majority of
cases agents exist in environments that contain other agents, con-
stituting MAS. A MAS can be seen as a system consisting of a group
of agents that can potentially interact with each other [8]. MASs
present several advantages over isolated agents, such as reliability
and robustness, modularity and scalability, adaptivity, concurrency
and parallelism and dynamism [9].

2.1.2. Semantic Web technologies
The Semantic Web aims at adding semantics to the data pub-

lished on the Web, so that machines are able to process these data
in a similar way a human can do [3]. For this, ontologies are the
backbone technology. In this work, we have adopted the following
definition of ontology: ‘‘an ontology is a formal and explicit speci-
fication of a shared conceptualisation” [10]. In this context, formal
refers to the need of machine-understandable ontologies, which
eventually enable automatic reasoning. In this work we use OWL
(Web Ontology Language) [11], the ontology language recom-
mended by the World Wide Web Consortium (W3C).

Traditionally, the Web has been conceived as a distributed
source of information. The emergence of Web Service Technology
has permitted to extend it to a distributed source of functionality.
Web Services make applications available on the Web in a standard
way so that they can be accessed regardless of the operating sys-
tem they are deployed on and the programming language they
are implemented in. However, as the Web grows in size and diver-
sity, there is an increased need to automate aspects of Web Ser-
vices such as discovery, execution, selection, composition (that
comprises both choreography, which concerns the interactions of
services with their users, and orchestration, which defines the se-
quence and conditions in which one Web Service invokes other
Web Services in order to realise some useful function) and interop-
eration. The problem is that current technology around UDDI,
WSDL and SOAP provide limited support for all that [5].

The joint application of Semantic Web and Web Services in or-
der to create intelligent Web Services is referred to as Semantic
Web Services. Semantic Web Services consist of describing Web
Services with semantic content so that service discovery, composi-
tion and invocation can be done automatically by, for example, the
use of intelligent agents able to process the semantic information
provided. The W3C is currently examining various approaches with
the purpose of reaching a standard for the Semantic Web Services
technology: OWL-S[12], WSMO[13], SWSF[14], WSDL-S[15], and
the recently proposed as W3C recommendation, SAWSDL[16].
The first three approaches propose an ontology that semantically
describes all relevant aspects of Web Services. On the other hand,
WSDL-S and SAWSDL identify some WSDL and XML Schema exten-
sion attributes that support the semantic description of WSDL
components.
2.2. Bioinformatics

Bioinformatics involves the application of information technol-
ogies to solve biological problems at molecular level, so providing
for tools and resources needed to favour biomedical research.
Bioinformatics has become essential in the emerging ‘‘omics” dis-
ciplines such as Genomics, Proteomics or Transcriptomics to facil-
itate the understanding of the gene structure, interactions,
regulation, expression, etc. With all, bioinformatics can be said to
be an interdisciplinary area of research that serves as an interface
among several disciplines, including Biology, Information Technol-
ogies and Medicine. Bioinformatics permits integrating data and
information contained in these different areas. It also facilitates
the discovery of new knowledge as well as the development of glo-
bal perspectives from which unifying principles in several areas
can be derived. Thus, the collaboration between the areas of med-
icine and biology makes bioinformatics the integrating tool and the
technological support for these areas [17].

The use of bioinformatics techniques has produced a massive
explosion in the amount of available biological information and
how this information can be exploited (i.e. approaching molecular
populations as ‘‘wholes”). However, data are distributed into heter-
ogeneous biological data sources, with little or even none semantic
structure, so that both the organisation and integration of such
data have turned out to be strategic and crucial. This has become
more important since computational methods’ performance for
(biological) data analysis depends on how data are organised; this
target can be said to be even critical for data interpretation tasks. In
fact, integrated exploitation of existing biological data would be
extremely beneficial for research purposes. This need for informa-
tion integration mechanisms is not only a challenging task in bio-
informatics, but in every domain.

In the last years, different approaches for integrating biological
information resources have been proposed. On the one hand, tools
such as Entrez (www.ncbi.nlm.nih.gov/Entrez/) do not provide for
an intelligent integrated access to the information but a friendly
navigational mechanism to explore the contents of interrelated
biological databases. When querying the Cross-Database Search
(http://www.ncbi.nlm.nih.gov/sites/gquery), the query is for-
warded to the databases regardless their suitability for answering
the query or the database structure and content.

http://www.ncbi.nlm.nih.gov/Entrez/
http://www.ncbi.nlm.nih.gov/sites/gquery
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When facing information integration, the following issues have
to be addressed: (1) identification of common objects and con-
cepts; (2) integration of data represented in different formats; (3)
resolution of conflicts among resources; (4) data synchronisation;
and (5) unified visualisation. Recent integration attempts combine
data warehouses technologies, use of indexed flat files, relational
database management systems, individual searches on resources,
wrappers associated to resources. In the last years, different ap-
proaches for integrating biological data and services can be found:
federated systems, ontology-based mediation systems, data ware-
houses or workflows [18]. These attempts range from using an
individual model or parser for each resource to representing avail-
able resources in a common format. Examples of such approaches
are Biomart [19], the efforts in Neuroscience [20], or for bridging
between phenotype and genotype in [21], for service reconciliation
such as the AutoMed system [22].

However, the use of heterogeneous schemas for data storage,
that are designed primarily to ensure optimisation of storage
space, makes it extremely difficult for the users to query data
sources in an integrated manner. More recently, semantic ser-
vices-oriented solutions have been provided to facilitate integrated
access to bioinformatics resources. An example is BioMoby [23],
which defines an ontology-based messaging standard for auto-
matic discovery and interaction with task-appropriate biological
data and analytical service providers. In this approach, manual
manipulation of data formats is not required because data flow
from one provider to the next. The Semantic Web provides for a
common framework that enables data integration, sharing and
reuse from multiple sources. The heterogeneity of biological infor-
mation resources has led to the increasing use of ontologies, which
may help then to represent what is known about a particular
domain in an explicit and complete manner. Semantic Web
Services play then a vital role to allow resources to be accessed
in an integrated way, since each resource defines its services by
using a common ontology that can be understood and processed
by querying systems. In addition to this, humans can get rid of
the task of searching for the available services in order to obtain
relevant information by delegating this task to intelligent agents.
3. Biological information and knowledge resources

There is currently a great quantity of independent and hetero-
geneous data resources, accessible through the Internet, covering
for instance genome information and other areas of molecular biol-
ogy and medicine. Most of this information is stored in databases,
although in the last years some ontologies have been developed to
harmonise the terminology used in the different databases and to
promote integrated access and interoperability among different
information resources and applications. In this section, biological
databases and ontologies will be discussed, paying special atten-
tion to the ones that will be used in this work.

3.1. Biological databases

According to the 2007 update of the Molecular Database Collec-
tion [1], there are currently about 1000 biological databases. Biolog-
ical databases can be classified based on different properties, such as
the type of information they contain (information about proteins or
genes), the origin of the information (primary databases—experi-
mental results— and secondary databases—results obtained from
analysing primary databases—), or the way information is structured
(flat files or databases). Traditionally, biological databases were rep-
resented by using indexed flat files, which provided fast access to
particular records. Currently, the interest is not only the retrieval
of individual records but the combination of information from differ-
ent records, tables and databases. For such purpose, relational dat-
abases are more effective and most biological databases have
currently relational support. However, many of them still offer their
content for downloading in structured flat or XML files.

Usually, biomedical institutions possess a catalogue of different
databases. This is the case of the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/) or the European
Bioinformatics Institute (EBI, http://www.ebi.ac.uk/). In this work,
the collection of databases offered by the NCBI has been used. This
collection can be uniformly queried by making use of the Entrez
interface (www.ncbi.nlm.nih.gov/Entrez/). However, this unique
interface forwards the query to each individual database and
shows the results for each database. Amongst the databases offered
by Entrez, the Gene and Protein ones have been used in this work.
The Protein database contains sequence data from the translated
coding regions from DNA sequences in GenBank, EMBL and DDBJ
as well as protein sequences submitted to Protein Information Re-
source (PIR, http://pir.georgetown.edu/), SWISS-PROT (http://
www.expasy.org/sprot/), Protein Research Foundation (PRF,
http://www.proteinresearch.net/), UniProt (http://www.uni-
prot.org/) and Protein Data Bank (PDB, http://www.pdb.org/) (se-
quences from solved structures). On the other hand, the Gene
database provides a unified query environment for genes defined
by sequence and/or in NCBI’s Map Viewer.

3.2. Bio-ontologies

The increasing number of independent and heterogeneous dat-
abases produced high inefficiency when research groups wanted to
search for information across different databases. So, finding rele-
vant information was rather difficult due to the terminological
diversity. Given this situation, different entities that had developed
their own databases worked together to define a common vocabu-
lary for modelling how gene products might be annotated. This
was the origin of the Gene Ontology (GO) [24], which offers infor-
mation about the attributes of gene products. GO provides a way to
resolve the semantic heterogeneity associated to the annotations
of genetic products in diverse databases: annotations of different
databases are linked to the same GO term. The main GO compo-
nents are the terms and their relations. Each term has a unique
identifier apart from the name of the term. GO is divided into three
independent ontologies: molecular functions, biological processes
and cellular components. Molecular functions describe the basic
molecular role of gene products. Each biological process is com-
prised of different molecular functions and describes its role at
conceptual level. The cellular component ontology represents the
structure of the eukaryotic cell. Two types of relations exist in this
ontology: IsA, which describes that a term is a subclass of a higher
class, and part of, that means that a child is a subprocess or a struc-
tural component of its parent. GO can be explored through several
tools, the web interface AmiGO being the most relevant browser.
Versions of these three ontologies are available in ontological lan-
guages like OWL and OBO, apart from being exportable into MyS-
QL. In this work, information about proteins and genes that can be
retrieved from the Gene Ontology annotations has been used.

In the last years, the creation of methods for defining and main-
taining shared domain models within biology was considered to be
a critical issue [2]. The design, development and use of ontologies
in bioinformatics is rapidly increasing and turning more and more
significant (see for instance [25]). Currently, ontologies have pro-
ven to be successful in biology for tasks such as information access.
In this context, the Open Biomedical Ontology (OBO) project
(http://obo.sourceforge.net/) was proposed as an attempt to have
a portal containing ontologies as well as links to controlled vocab-
ularies for shared use between medical and biological domains.
The ontologies found in OBO are partially overlapped (effort is

http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/Entrez/
http://pir.georgetown.edu/
http://www.expasy.org/sprot/
http://www.expasy.org/sprot/
http://www.proteinresearch.net/
http://www.uniprot.org/
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http://www.pdb.org/
http://obo.sourceforge.net/
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being conducted to obtain a non-overlapping subset of OBO); they
can be combined between themselves adding relations and give
rise to new ontologies. Researchers in the OBO project have also
developed the OBO language for representing biomedical ontolo-
gies. However, the language recommended by the W3C to ex-
change semantics on the Web is OWL, which provides better
support for management, reuse, sharing and exploitation of
semantics-rich contents. In fact, there are currently some efforts
to express OBO contents in OWL.

It is clear then that bioinformatics, and many other research
fields, must face two major challenges: data heterogeneity and
information distribution. A further problem in these environments
is that of dynamism; new information and services can be made
available at any time whereas already existing ones might disap-
pear. In this work, we propose a technological solution to these
problems that combines Web Services, Intelligent Agents and
Semantic Web concepts into an integrated platform. Data hetero-
geneity is partially managed using ontologies as the knowledge
representation methodology. Web Services tackle information dis-
tribution by providing a high degree of interoperability across plat-
forms and operating systems. Finally, agent systems, due to their
properties of autonomy, reactivity and pro-activeness, are able to
deal with data and service dynamism, and help users avoid the
burden of performing service discovery, composition and
invocation.
4. A framework for Intelligent Agents and Semantic Web
Services integration

Despite their ability to provide a high degree of interoperability
across platforms and operating systems, Semantic Web Services
infrastructures possess neither enough degree of autonomy nor
ability to automatically adapt to changing situations. In these set-
tings, agents can contribute to make systems more autonomous
and dynamic, thus maximising their perceived utility. In line with
this, the framework presented here comprises both Intelligent
Agents and Semantic Web Services working cooperatively in the
same environment. Ontologies act as the facilitating technology
thus making it possible to exploit the advantages these technolo-
gies offer separately.

This solution stems from a basic underlying hypothesis: Intelli-
gent Agents and (Semantic) Web Services were conceived for quite
different purposes, and so, they must lie on different abstraction
layers. The main idea behind Agent Technology was not for Intelli-
gent Agents to be able to provide services, but to act as autono-
mous entities that incorporate intelligence and cognitive
capacities, which allow them to show a goal-oriented pro-active
behaviour and to establish, either competitive or cooperative,
interaction processes with other software entities in order to sat-
isfy their design objectives. On the other hand, Web Services in-
volved a further evolution in the Distributed Computing field and
their only purpose is to provide worldwide-accessible functional-
ity. These conceptual differences between Agent Technology and
(Semantic) Web Services Technologies lead to the need to have
both technologies working in an integrated environment and
glimpse the advantages of their combination in the development
of complex systems.

Next, the foundations of the referred framework are presented
and the main elements of the architecture enumerated.

4.1. Ontology-centred view

Ontologies are the paramount technology in our approach as
they operate as the ‘glue’ that binds the remaining components
of the architecture [see Fig. 1].
First of all, ontologies function as universal vocabularies so that
Web Services and agents share the same interpretation of the
terms contained in the messages that they exchange.

From the Web Services point of view, ontologies are useful to
semantically describe Web Services’ capabilities and processes.
This semantic description can then be automatically processed
by software entities, so that Web Service discovery, composition,
selection, execution and monitoring can be done without human
intervention. On the other hand, from the perspective of the
agents, the local domain-related knowledge of each agent may be
extracted from, or built upon, the application domain ontology.
Moreover, inter-agent communication may be carried out by
means of a common vocabulary based on an agreed ontology.

Finally, in a similar way to that presented in [26], the negotia-
tion processes between agents may take place in accordance with
protocols represented in an ontology and by using the related
strategies also stored in an ontology. It is at run-time, and depend-
ing on the problem they face, that agents with the desire to coop-
erate agree upon the protocol and strategy they are going to use.

Summing up, in the architecture proposed here, there is a need
for a number of different and disparate ontologies: domain ontol-
ogy, application ontology, Web Services ontologies, agents’ local
knowledge ontologies, negotiation protocol ontology and negotia-
tion strategy ontology. Thereby, it becomes of utmost importance
to devise a means for ontology reconciliation and mediation. For
this purpose, a brokering mechanism has been modelled that is
carried out by agents, which take over all the mediation issues
(not only data but also process and functional mediation when
needed). A more detailed description of the ontology mediation
solution is presented in further sections.

4.2. Multi-layered model

The framework presented here is based on a multi-tier architec-
ture that is composed of four different layers [see Fig. 2], namely,
Business Logic Layer, Semantic Web Services Layer, Intelligent
Agents Layer and Application Layer.

The lower layer, namely, the Business Logic Layer provides the
most specific operations. It comprises the internal and private
business processes that constitute the companies’ engine. Thus, a
set of web services have been implemented that account for some
elements of these business processes. Those public services along
with the semantic description of their capabilities lay on the sec-
ond layer, namely the Semantic Web Services Layer. Adding seman-
tic annotations to Web Services capabilities enables software
entities to automatically interact with those services in a dynamic
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way and without human intervention. In particular, new services
can emerge and others may change their functionality or even dis-
appear at run-time, but the system would keep on working and the
changes would be reflected on the application instantly. These
sophisticated software entities, namely Intelligent Agents, that
interact with and take advantage of the offered services are located
in the Intelligent Agents Layer. Intelligent Agents make use of the
semantic annotation of services capabilities to automatically dis-
cover, compose, invoke and monitor Web Services. They are also
able to exhibit and dynamically propagate the changing function-
ality provided in the lower layers. Finally, the Application Layer is
responsible for organising (orchestrate and coordinate) agents to
actually perform useful activities for the users. In this way,
depending on the agents available in the system and the way they
interoperate different user-tailored applications can be obtained.

4.3. The SEMMAS framework

The SEMMAS (SEMantic web services and Multi-Agent System,
http://www.semmas.com) framework comprises two of the afore-
Fig. 3. The SEMMA
mentioned layers, the Intelligent Agents and the Semantic Web
Services layers. As a result, the framework becomes independent
from both the domain and the actual application in which it is to
be applied. In order to develop a specific application for a concrete
domain, programmers only need to set the appropriate domain
ontologies and decide on what agents to instantiate and which ser-
vices to access. Thus, the framework can be considered as a refer-
ence architecture for several business scenarios and complex,
dynamic and open environments such as eGovernment, eScience,
eBusiness or Supply Chain Management.

4.3.1. The SEMMAS architecture
The components that constitute the framework are shown in

[Fig. 3]. The system architecture is composed of three main ele-
ments: a set of intelligent agents that constitute a MAS, four ontol-
ogy repositories, and three different interfaces for interacting with
the external actors that have been identified, namely, service pro-
viders, service requesters and software developers.

In the platform proposed to run the system, there are seven
types of agents. Agents are grouped in three main categories:
agents that act on behalf of service owners (‘Provider Agent’ and
‘Service Agent’), agents that act on behalf of service consumers
(‘Customer Agent’, ‘Discovery Agent’, and ‘Selection Agent’), and
agents that perform management tasks (‘Framework Agent’ and
‘Broker Agent’). Those acting on behalf of service owners manage
the access to services and ensure that the contracts are fulfilled.
On the other side, the agents that act on behalf of service consum-
ers have to locate services, agree on contracts, and receive and
present results. Management agents have a 2-fold purpose: to
avoid system resources becoming overloaded and to monitor the
status of all the interactions. This should not be understood as a
centralised control mechanism that hampers the decentralised vi-
sion of MAS. Instead, our aim was to enable the system to both
manage unexpected errors and improve its performance. Thus,
the ‘Framework Agent’ does not control the activity of the remain-
ing agents, but makes sure no errors block the functioning of the
system. A description of the seven types of agents present in the
framework is given in [Table 1].

In the table above, only abstract, high-level descriptions of the
tasks that each agent must perform are given. SEMMAS has been de-
signed so that there is not a fixed way each task should be imple-
S framework.

http://www.semmas.com


Table 1
Description of the agents in the platform

Agent type Description

Service owners agents
Provider Agent It acts as a service provider representative. The entities set their preferences regarding service execution and these are taken into account during the

negotiation process with the service consumers
Service Agent It acts as a service representative. The service provider establishes a concrete set of preferences regarding a particular service and these are taken into

account when negotiating with service consumers (in this case, the Selection Agent)

Service consumers agents
Customer Agent It acts as a user representative. First, (individual or collective) users indicate their preferences and specify the goal to be achieved. Then, the goal is

carried out and the results given back to the user. The intermediate process happens transparently to the user
Discovery Agent It is in charge of searching in the Semantic Web Services repository for the service or set of services (i.e. composition) that satisfy the requisites

established by the users
Selection Agent It is in charge of selecting the most appropriate (single or compound) service from the set of services found by the discoverer according to the users’

preferences. A negotiation process with the different service representatives (i.e. Service Agent) is carried out for that purpose

Framework management agents
Broker Agent It is responsible for solving interoperability issues. Three different levels are considered: data mediation, process mediation and functional

interoperability
Framework Agent It is responsible for monitoring and ensuring a correct functioning of the platform. This type of agent also controls and balances the workload
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mented. In fact, it is at run-time (not compile-time) when it is deter-
mined which implementation is actually used. For this purpose, the
‘role’ concept is introduced. Roles are encapsulations of dynamic
behaviour and properties that can be played by agents [27]. We dis-
tinguish between roles dealing with service-related issues from
those related to the framework management [see Table 2]:

At run-time each agent decides on what roles it wants to play
depending on the goals the agent pursues. Nevertheless, some of
the roles are mandatory for some agents depending on the type
of agent. Both factors, the actual implementation of these roles
and the agent election of the roles to take, eventually determine
the agent behaviour.

Another important constituent element of the architecture pro-
posed here is that formed by a set of ontologies. In order for intel-
ligent agents to successfully carry out their assigned tasks, those
ones must have access to various data repositories containing the
knowledge that is necessary to fulfil the assignment. These repos-
itories can be either local or external to the system. As data repos-
itories, four kinds of ontologies have been included within the
platform (see [Fig. 3]):

1. Application and domain ontology: The application ontology con-
tains the knowledge entities (i.e. concepts, attributes, relation-
ships, and axioms) that model the application in which the
framework is to be employed. On the other hand, the domain
ontology, represents a conceptualisation of the specific domain
the framework is going to be applied in. This ontology supports
the communication among the components in the framework
without misinterpretations.
Table 2
Description of agent roles

Role Description

Service-related roles
Broker role It represents the functionality needed for solving all k
Composer role It allows the achievement of a goal by means of sever
Invoker role It invokes a Web Service once the operation to be exe
Matchmaker role It finds the services whose semantic descriptions matc
Monitor role It ensures that the contracts established for the execu
Ontology manager role It includes functionality associated with the access an
Selector role It provides the functionality necessary for the selection

Framework management roles
Negotiator role It enacts the actual negotiation process between the p
Platform manager role It controls and balances the system workload
Provider representative role It interacts with service providers. At a high level of abs

strategy
Service representative role It acts on behalf of services, participating in negotiatio
Consumer representative role It interacts with service consumers by, firstly, determi
Global monitor role It monitors the events in the application, detects possi
2. Agent local knowledge ontology: It contains, for each agent, the
knowledge about the environment it possesses. This ontology
generally includes knowledge about the assigned tasks, as well
as the mechanisms and resources available to achieve those
tasks.

3. Negotiation ontology: It comprises both negotiation protocols
and negotiation strategies that constitute the negotiation mech-
anisms agents must use to coordinate their interactions. With
this ontology, agents can choose the best mechanism to use
for coordinating their actions, which highly depends on the
problem under question and the application domain.

4. Semantic Web Services ontologies: In this repository (that can be
comprised of various ontologies distributed all over the Inter-
net) the ontologies that contain the semantic description of
Web Services are stored. The framework does not impose any
restriction in terms of the kind of SWS specification (i.e. OWL-
S, WSMO, SWSF, WSDL-S or SAWSDL) to be used.

Finally, three different interfaces have been included within the
framework architecture. They aim at enabling the interaction with
the actors that are external with respect to the framework: service
consumers, service providers and software developers. Software
developers can, by means of their interface, customise the applica-
tion by setting up the specific ontologies to be used. They also have
to instantiate and configure the core agents necessary for the prop-
er functioning of the system (customer, provider and service
agents will be launched as needed during run-time). Once the
application has been properly set up, both service consumers and
service providers can register in the system and use it as a meeting
ind of interoperability problems (data, process and functional mediation)
al composed services
cuted and the parameters are known
h the goal that was sent by the user

tion of the services by both service owners and service consumers are fulfilled
d processing of ontologies

of a service from a list of services according to a set of preferences

arties establishing the basis for the system execution

traction, it must be able to enforce the conditions present in the company’s business

ns and improving the services offered when possible
ning their wishes and, then, returning the expected results
ble problems and defines the actions to take in case of error
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point. Through their interface, service providers can modify the list
of services they provide and set the conditions under which a ser-
vice they provide must be executed. Service consumers, on the
other hand, can, by means of their interface, query the system
and trigger the execution of one or several Web Services in order
to fulfil a particular goal.

4.3.2. The brokering process
Interoperability is a major problem when trying to join together

systems or components that have not been designed to interoper-
ate. Three different levels of interoperability issues must be ad-
dressed [28]. Firstly, when a system deals with multiple
disparate ontologies, data mediation is needed. Secondly, a process
mediation solution is required when the outputs of a component
differ from the inputs of the next. Finally, as the requested and pro-
vided functionalities do not likely match precisely, functional medi-
ation becomes necessary. The framework presented here copes
with all these issues.

4.3.2.1. Data mediation. It is the broker role along with the broker
agent what provide a complete solution for data interoperability
issues. Each agent in the platform can take over the broker role
as desired. This would serve as a way to solve some of the misun-
derstandings the agent faces when communicating with other
agents. In case the local broker role of an agent cannot do the
job, the broker agents come into the stage. The problem is dele-
gated to the broker agents, which have better means for solving
it. It is left to the programmer to decide what techniques to use
(e.g. ontology mapping, ontology alignment, ontology merging
and so on) to deal with data interoperability.

4.3.2.2. Process mediation. Given that all the communication be-
tween service providers and service consumers flows through
agents, process interoperability is automatically tackled. Certainly,
Intelligent Agents communicate asynchronously by message pass-
ing according to a negotiation protocol and a strategy previously
agreed upon thus avoiding process interoperability problems.

4.3.2.3. Functional mediation. Both composer and matchmaker roles
are responsible for finding the appropriate services that are neces-
sary to execute in order to satisfy a user request. It depends on the
implementation of these two roles how the process takes place.
The action flow can be as follows: (1) the composer sends the com-
plete description of the user request to the matchmaker; (2) the
matchmaker searches for services that exactly match the request;
(3) if the matchmaker finds at least one appropriate service, then it
notifies the composer and the process is over; otherwise, the com-
poser is informed that no single service exists satisfying the re-
quest; (4) the composer uses a planner to split up the user
request into fine-granulated parts and sends these ‘‘sub-goals” to
the matchmaker; (5) the matchmaker searches for services that ex-
actly matches the requirements of each sub-goal; (6) if the match-
maker finds at least one appropriate service for each sub-goal, then
it notifies the composer and the process is over; otherwise, the
remaining unsolved sub-goals are sent back to the composer,
which further divides them into smaller pieces that are then
matched again against the available services and so on.

4.4. Discussion

With the aim of tackling data heterogeneity and information
distribution problems of complex systems, the proposed platform
seamlessly integrates three main ingredients: Ontology, Web Ser-
vice and Intelligent Agent technologies. We pointed out above sev-
eral disadvantages derived from the use of Intelligent Agent and
Semantic Web Service technologies separately. Summarising,
MASs are not able to properly communicate across firewalls over
the Internet while Semantic Web Services consumption can be dra-
matically improved through autonomous software entities able to
exploit the semantic descriptions to make use of the services. The
framework presented here overcomes these problems by putting
them together and using ontologies to enable a seamless interac-
tion. Agents are kept in the same environment (the same platform
or in different ‘controlled’ platforms) so the communication prob-
lem is avoided. On the other hand, Web Services capabilities are
semantically annotated and agents have no restrictions on how
to use them.

The cornerstone technologies of SEMMAS are ontologies. Ontol-
ogies lay on the background of every communication process that
takes place between all the elements of the architecture, in such a
way that they all share the same interpretation of the terms con-
tained in the messages that they exchange. For this to happen,
the available ontologies should be fully exploited so making it nec-
essary the use of the existing techniques and tools for ontology
management and consumption from the Semantic Web field.

With all, the SEMMAS framework successfully exploits features
such as autonomy, dynamism, and pro-activeness of agent sys-
tems, data interoperability provided by ontologies and the Seman-
tic Web vision, and platform interoperability supported by Web
Services. In the context of SEMMAS, autonomy and pro-activeness
are related to the fact that once an agent has been assigned a goal,
it tries to fulfil it without human intervention. Dynamism is
achieved by the ability of the agent system to automatically adapt
to changing situations. In particular, the behaviour SEMMAS shows
and the way it responds to the requests depend on the services
available in the environment at any time. The use of semantics en-
ables the framework to deal with data heterogeneity. Finally, SEM-
MAS reach machine to machine interoperation over the Internet by
applying Web Service technologies. The combination of these
properties makes SEMMAS appropriate for the development of
powerful and flexible distributed systems in complex, dynamic,
heterogeneous, unpredictable and open environments.

At this point, it is worthy to point out that it was not the pur-
pose of this research to find new solutions for automatic discovery,
matchmaking, composition, selection or invocation of Web Ser-
vices, but to design an environment where these can be tested
and utilised in real-world settings.

5. Applying SEMMAS in the biological domain

SEMMAS has been successfully applied to integrate several het-
erogeneous biological information resources, thus providing users
with a user-friendly, single interface through which they can have
access to all these resources1. The major benefit of applying a MAS-
based approach such as SEMMAS in this domain is the support for
dynamism. Thus, in contrast to traditional workflow-based ap-
proaches, the system is able to make use of the new data and oper-
ational services that can emerge in an open and distributed
environment such as the Internet. The methodology to customise
the framework to the requirements and particularities of the biolog-
ical domain is as follows: (1) design of a domain ontology, which
contains the concepts and relationships we are interested in; (2)
development of a Web Service for each resource we aim to access;
(3) semantic annotation of the services by making use of the domain
ontology; (4) instantiation of a set of agents in SEMMAS to retrieve
biological information.

In this section, we first show some insights on the domain
ontology that has been used. Then, details about the Semantic

http://www.semmas.com/prototypes/bioinformatics.html
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Web Services that have been implemented are put forward. Finally,
the use of the platform in the biological domain is presented.

5.1. The biological domain: oncogenes

In this work, we are interested in accessing information avail-
able about oncogenes. An oncogene is a modified gene, or a set
of nucleotides that codes for a protein, that increases the malig-
nancy of a tumour cell. Some oncogenes, usually involved in early
stages of cancer development, increase the chance that a normal
cell develops into a tumour cell, possibly resulting in cancer. There
are several approaches for classifying oncogenes, but none is con-
sidered standard. For our purposes, the Oncogene ontology2 was
designed and developed. This ontology was developed because no
formal, standard representation for both the biological and medical
aspects of oncogenes was found in the literature.

The model used to represent knowledge of oncogenes, pre-
sented in [29], is based on the representation of multiple and hier-
archical restricted. Both taxonomic and merologic relations are
covered by this model. Taxonomies classify the knowledge domain,
and mereologies indicate the relation between parts and wholes.
The set of relations in the model defines a series of axioms that re-
sult from the relations: ‘‘class has attribute”, ‘‘is a class of”, ‘‘is a
part of”, or ‘‘is connected to”, among others. Some examples of
these relations are ‘‘the oncogene is a mutation” and ‘‘the DNA is
transcribed to mRNA”.

In order to share this ontology with the community, it has been
represented using OWL (DL variant) since it is the W3C recommen-
dation for exchanging semantic content on the web. A partial view
of this ontology is shown in [Fig. 4]. This ontology is mainly a tax-
onomy, and each class is defined through the following elements:
its name, its synonyms, its properties inherited from the taxonomic
parent classes, its specific properties, its original data source and
its links to external sources. By original data source, we refer to
the origin of the information: a database, a lab name, a researcher,
etc., whereas external sources link to other databases containing
information about this class. The inclusion of a terminological rela-
tion such as synonymy is positive, since the ontology will be used
to guide natural language-driven inputs. As it can be drawn from
[Fig. 4], the higher level classes are cancer, carcinogenesis, cell, cel-
lular cycle, chromosome, gene, mutation and protein. This ontology
contains 203 classes, 10 occurrences of the mereological relation,
55 attributes, 6 inverse properties, 202 occurrences of the taxo-
nomic relation and 41 instances of Oncogenes.

5.2. Designing Semantic Web Services for biological resources

As it was aforementioned, we have developed several Web
Services in order for the system to be able to access different
biological information resources. These services have been imple-
mented in Java and the Apache Axis2 library (http://ws.apache.
org/axis2/) has been used. The Web Services were then semanti-
cally annotated by making use of the OWL-S ontology and the
OWL-S Editor (http://owlseditor.semwebcentral.org/). At this
point, it is important to highlight that the SEMMAS platform is
not constrained to any particular Semantic Web Services approach.
Next, one of the services that have been implemented is briefly
commented.

5.2.1. Gene ontology Semantic Web Service
The Gene Ontology Semantic Web Service (GOSWS) uses the

Gene Ontology Database view instead of the ontological one. The
GOSWS is defined on top of the Gene Ontology Web Service
2 See http://www.semmas.com/prototypes/resources/ontologies/OGEN.owl Fig. 5. GOWS WSDL file.
(GOWS), which is available at http://klt.inf.um.es:8080/axis2/ser-
vices/GO_WebService. The GOWS contains three methods that ex-
pose part of the functionality available in the Gene Ontology Web
Portal (http://www.geneontology.org/):

� Get information about the term ‘‘term” (Get_information):
– http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?action=

query& view=query& session_id =864b1175276845&query=
term&search_constraint=terms

� Get information about the gene ‘‘geneName” (Get_Gene):
– http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?action=

query& view=query=geneName&search_constraint=gp

� Get information about the protein ‘‘proteinName” (Get_Protein):
– http://amigo.geneontology.org/cgi-bin/amigo/go.cgi?

action=query&view=query&query=proteinName&search_
constraint=gp

These three GOWS methods return the protein or gene whose
identifier has been entered or the identifier of a biological element.
Once the GOWS was available, a corresponding WSDL file was
developed [see Fig. 5] that syntactically describes the aforemen-
tioned operations.

Next, the GOSWS was defined. For this, we used the OWL-S Edi-
tor Protégé plugin along with the Oncogene ontology (i.e. the do-
main ontology). For each accessible method in the service, an
OWL file was created containing the OWL-S semantic description
of the operation. A complete example is shown in the figures below
[Figs. 6–9].

In the figures above, the way input and output parameters are
bound to the domain ontology is highlighted. By having access to

http://ws.apache.org/axis2/
http://ws.apache.org/axis2/
http://owlseditor.semwebcentral.org/
http://klt.inf.um.es:8080/axis2/services/GO_WebService
http://klt.inf.um.es:8080/axis2/services/GO_WebService
http://www.geneontology.org/
http://amigo.geneontology.org
http://amigo.geneontology.org
http://amigo.geneontology.org
http://amigo.geneontology.org/
http://amigo.geneontology.org/
http://amigo.geneontology.org/
http://amigo.geneontology.org/
http://amigo.geneontology.org/
http://www.semmas.com/prototypes/resources/ontologies/OGEN.owl


Fig. 6. Extract of getProtein.owl.

Fig. 7. getProtein.owl—process model.

Fig. 8. getProtein.owl—grounding.

Fig. 9. getProtein.owl—Profile.

Fig. 10. SEMMAS—use case scenario.

856 F. García-Sánchez et al. / Journal of Biomedical Informatics 41 (2008) 848–859
both the Oncogene ontology and these OWL-S files, every service
requester can make use of the service unambiguously.

The Semantic Web Services allow for intelligent agents to inter-
act with biological information resources semantically. For the
purposes of this work, it was us who implemented the services
and provided the semantic description. Ideally, it would be those
who actually provide the service (i.e. service providers) who would
generate these.

The implemented services offer a very similar functionality. In
these situations, the consumer and provider agents have to negoti-
ate in order to decide which service is to be executed.

5.3. Retrieving biological information with SEMMAS: use case scenario

Let us suppose that a user (hereafter Alice) of the SEMMAS plat-
form wants to obtain the description of the protein with name
‘trk2’. In such a scenario [see Fig. 10], Alice would write a sentence
in natural language that might look as follows: ‘‘I want to get the
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description of the protein with name trk2”. Alice would then wait for
her personal agent to process the query and return the expected
answer.

The sequence of steps SEMMAS takes once the query has been
stated is described next:

1. Alice’s personal agent (Customer Agent) analyses her query by
using KAText [30], a natural language processing (NLP) tool that
is able to transform the sentence into a lightweight ontology
that formally represents Alice’s requisites. For this, the tool
was previously trained in order to align the resultant ontology
with the domain ontology (i.e. Oncogene). The lightweight
ontology that results from the analysis of the input query is
shown in the next figure [Fig. 11]

2. Alice’s personal agent sends the query, now in the form of an
ontology, to one of the instances of the Discovery Agent present
in the platform. The content of the message is fully understood
by the receiving agent because it refers to the common domain
ontology. This holds for every agent interaction during the pro-
cessing of the user query.

3. The Discovery Agent searches for the services that would satisfy
Alice’s request in the repository of semantic descriptions. In the
example under question, the process is very simple since ser-
vice composition is not required (single, atomic services exist
that fulfil the goal). Besides, since both the goal and the seman-
tic description of the services are linked to the same ontology
(i.e. Oncogene, the domain ontology), the matching becomes
quite straightforward. In a more complex situation, the proce-
dure would be as follows:
a. First, the agent looks for single services that completely

match the query. The discovery process benefits from the
fact that both the query and the description of the services
are aligned with the Oncogene ontology.

b. If one or more services are found satisfying the request, the
process ends. Otherwise, the agent decomposes the query into
several sub-queries and looks for services able to fulfil each of
these sub-queries. For this, the system makes use of a planner.

c. The process goes on until services are found satisfying all the
sub-queries.

4. The Discovery Agent returns to Alice’s personal agent the col-
lection of sets of services found [see Fig. 12]. Then, the latter
sends the list of services to one of the instances of the Selec-
tion Agent.
Fig. 11. Resultant ontology.

Fig. 12. SEMMAS—service selection.
5. The Selection Agent is responsible for finding the best (set of)
service(s) satisfying the request. For this, it acts as follows:
a. Those sets of services that do not fulfil some of the basic

requirements Alice has previously indicated are automati-
cally dismissed. This is evaluated on the basis of non-func-
tional properties that might have been introduced in the
semantic description of the services.

b. Then, the Selection Agent asks the Framework Agent to cre-
ate as many instances of service agents as necessary.

c. Once a Service Agent has been created for each service in the
list of services, the Selection Agent starts a negotiation pro-
cess by sending a Call for proposals to all the Service Agents
(the ontology-based negotiation mechanism is yet to be
incorporated into the framework implementation).

d. Each Service Agent makes its proposal according to the pref-
erences of the service provider and the Selection Agent
selects the best set of services given their expected utility
in accord with the preferences of the user [see Table 3].

6. The Selection Agent returns to Alice’s personal agent the sorted
list of set of services along with the agreed conditions for the
execution of each service.

7. Alice’s personal agent shows Alice the ordered list of services
and she chooses the one she would prefer to be executed, if
any [see Fig. 12].

8. Alice’s personal agent interacts with the appropriate Service
Agents so that they actually invoke the chosen services. During
invocation, the Service Agents have to map user input informa-
tion with the input parameters of the methods to execute. This
task is considerably facilitated by the use of the domain ontol-
ogy in both the goal representation and the semantic descrip-
tion of the services [see Figs. 7 and 11].

9. The Service Agents return the services results to Alice’s personal
agent, which is in charge of integrating them into a common
data structure that is then sent back to Alice through the Web
interface [see Fig. 13].

The simple scenario considered shows the promising benefits
SEMMAS, in its current state of implementation, provides to the
biomedical community. On the one hand, it acts as an easy-to-
use, unique interface to several heterogeneous data sources. End
users only have to state a goal or wish in natural language and,
then, the system works out a set of services able to fulfil it.
Therefore, users with limited computing background avoid the
Table 3
Negotiation parameters and selection

Service Trust Delay Provider proposal Utility value

Entrez 0.8 0.1 Other parameters
hat can be assessed

0.31

Gene Ontology 0.6 0.3 0.39
. . . . . . . . . . . .

User-defined impact factor 0.3 0.7 . . .

Fig. 13. SEMMAS—query results.
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burden of this time-consuming process. On the other hand, the
system is aware of the dynamic nature of the underlying envi-
ronment. Emerging services are dynamically exploited by SEM-
MAS to respond to users’ new enquiries. Besides, this use case
serves to describe how SEMMAS carries out tasks such as goal
recognition through NLP techniques, and service discovery, com-
position, selection and invocation. Certainly, once each and
every one of the features conceived in the conceptual frame-
work have been implemented, it will be possible to design
more complex use case scenarios where semantic heterogeneity
is tackled.

6. Conclusion and future work

The concept of bioinformatics refers to the application of infor-
mation technologies in molecular biology and all the ‘‘omics”
disciplines. This is a very challenging research field, data heteroge-
neity and information distribution being two major problems in
bioinformatics environments. The application of agents, Web Ser-
vices and Semantic Web-related technologies has proved to be
very useful in this area [23,31,32]. Agent technology promises to
enable powerful, flexible and cost-effective distributed systems.
However, several problems arose that have prevented Multi-Agent
Systems from being applicable to real-world settings. A major flaw
of this technology is the use of non-standard proprietary protocols
what makes it difficult for agents that have not been designed to
work together to interoperate. Web Service technology is the evo-
lution of other solutions in the distributed programming field such
as RMI, CORBA or DCOM. Web Services are based on three open
Internet standards, namely, UDDI, SOAP, and HTTP. The utilisation
of standard protocols enables Web Services to constitute loosely-
coupled distributed systems. In fact, a key advantage of this tech-
nology is that it allows for dynamic service composition using
independent, reusable software components. Semantic Web Ser-
vices emerged to facilitate the automation of service discovery,
composition, monitoring, and invocation. They consist of describ-
ing Web Services’ capabilities with semantic content, so that
autonomous software entities can interact with services without
human intervention.

Although it is still subject to great discussion in both the Artifi-
cial Intelligence and the Distributed Computing areas, it seems
quite straightforward that joining together Agent and Semantic
Web Service technologies can lead to the development of new,
more powerful applications. Actually, various research projects
have been carried out worldwide with the purpose of integrating
these two technologies [33,34]. However, the existing approaches
suffer from several shortcomings caused mainly by their inability
to completely benefit from the advantages of this combination.
By considering this fact, in this paper we introduce SEMMAS, an
ontology-based framework for Intelligent Agents and Semantic
Web Services integration. This framework aims to exploit the strik-
ing potential of these technologies while overcoming their defi-
ciencies. For this, we take an ontology-centred approach.
Ontologies are the facilitating technology that enables a seamlessly
communication between agents and services. Ontologies are pres-
ent at almost every stage of the interaction process. We use ontol-
ogies not only to represent different kinds of knowledge (domain
and application knowledge) but also to formally exhibit the ser-
vices’ capabilities. The former is employed by agents to communi-
cate to each other without misunderstandings. The later enables
agents to automatically discover, compose and invoke the available
services.

The SEMMAS framework consists of: (1) seven different agent
types (Broker Agent, Customer Agent, Discovery Agent, Selection
Agent, Provider Agent, Framework Agent and Service Agent); (2)
four ontology repositories (domain and application ontologies
repository, agents’ local knowledge ontologies repository, negotia-
tion protocol and strategies ontology repository and Semantic Web
Services ontologies repository) that can be either local or remote;
and (3) three interfaces (service consumers interface, service pro-
viders interface and customisation interface) aimed at enabling
the interaction with the three external actors (service consumers,
service providers and software developers, respectively). A number
of roles have also been conceived that comprise all the system
functionality. The roles an agent instance chooses to play will
eventually determine the behaviour of the agent at run-time. An
agent can dynamically change the roles it plays depending on the
goal it has to achieve at any moment.

In this paper, we also present the application of the SEMMAS
framework in the biomedical domain. An ontology about onco-
genes has been created, implemented and used. Several services
have been implemented as well providing access to disparate
biomedical information sources. Then, these services were
semantically annotated by making use of the Oncogene ontology
and the OWL-S approach. With all these ingredients, SEMMAS al-
lows users to exploit those services, thus getting biomedical and
genomics information in an integrated manner. Currently, the
system is able to provide integrated access to heterogeneous
data sources. It is left for future versions the inclusion of data
integration solutions.

In conclusion, the main contribution of our work is a fully-
fledged framework that gathers together the best features of
three leading technologies: a new level of interoperability be-
tween software applications through Web Services, data interop-
erability by using ontologies for knowledge representation, and
dynamism provided by the combination of abilities such as
autonomy and pro-activeness of Intelligent Agents. The aggrega-
tion of these properties represents a clear improvement over
the existing approaches and makes this framework appropriate
for the development of powerful and flexible distributed systems
in complex, dynamic, heterogeneous, unpredictable and open
environments. In particular, the implemented platform is capable
of dealing with the heterogeneity that characterises current bio-
medical information sources. Nevertheless, a number of issues
still remain unsolved and must be addressed. In its current state,
the platform collects data from heterogeneous biological sources
by mapping their contents to the domain ontology through the
semantic description of the web services. However, no action is
taken to control data redundancy, inconsistency, etc. An improved
data integration mechanism is necessary to deal with these is-
sues. Also limiting is the chosen approach for service composi-
tion. Classical planning requires complete knowledge of the
world, assumes the existence of atomic actions with deterministic
effects, and produces only sequential workflows. To meet Web
Services requirements, other more sophisticated methods must
be investigated that could even involve the interaction with users
(semi-automatic solutions).

As further work, we plan to evaluate the framework in terms of
its performance and usability on other domains (e.g. eCommerce,
eGovernment, etc.). In particular, we aim at finding domains with
different properties and challenges so that the whole potential of
the framework can be analysed. On the other hand, a number of
algorithms for Web Service discovery, composition and invocation
will be tested and integrated into the implementation. At the same
time, the performance and accuracy of various ontology reasoners
and inference engines will be examined, and the most effective
among them included in the platform. We also plan to study the
inclusion of Grid services in the referred framework and its appli-
cation for pervasive computing. Currently, the platform is prepared
for dealing with stateless Web Services. However, agents are inher-
ently stateful and consequently support for stateful services such
as Grid services can be easily provided. Besides, current approaches
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towards the semantic annotation of Grid services (e.g. [35]) can
facilitate the process.
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