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1. Introduction

The Internet enabled us to access huge amounts of
information from different places al over the world.
Stimulated by the growth of the Internet there is a
growing demand for understanding how to integrate
multiple and heterogeneous knowledge sources.
Reseach on the integration of heterogeneous urces
aims at reaognising and combining relevant knowledge
so asto provide aricher understanding of a particular
domain. The integration is particularly valuable if it
enables the communicaion between different sources
while dlows them to maintain their autonomy.

The vast and diverse nature of the mntributions to the
integration field has given rise to a large amount of
literature that is not always fully accessible. The dam
of this paper is to present a framework for comparing
different techniques for the integration.

This aim differs from previous literature review work
in that in our approach emphasis is put on the
integration and the use of shared ontologies to achieve
this purpaose. Existing literature reviews focus on the
design of ontologies (Friedman Noy & Hafner, 1997,
and the mmparison of methoddogies for ontology
development (Jones et al., 1998.

This comparison framework is composed by a set of
guestion that have been developed as part of a PhD
reseach projed addressng the problem of creding
shared ontologies in distributed systems. In the
guestions, emphasis is given to ontologies, which
acording to Guarino and Giaretta (Guarino and
Giaretta, 199%) can be defined as “an explicit, partial
acount of a mnceptualisation”. Ontologies play a
pivotal role in the different approaches becaise they
can be used to express the agreement (ontological
commitment) on the @nceptuaisation among
heterogeneous urces willing to communicate.

This paper is organised as foll ows. Section 2 describes
three integration projeds. Sedion 3 dscusses the
differences between the projeds. In sedion 4 the
guestions are the framework is applied to the projeds
while section 5 presents a discussion on the goplication
of the framework and the mnclusions.

2. Threeintegration projects

There ae many projeds that can be discussed to
illustrate the framework, here we focus on three of
them: InfoSleuth, KRAFT, and OBSERVER.

InfoSleuth (Bayardo et al., 1997)

InfoSleuth is a system for the integration of
heterogeneous  ources developed by MCC
(Microeledronics and  Computer  Technology

Corporation, Austin, Texas, USA).

The purpose of the InfoSleuth projed is to retrieve and
process information in a network of heterogeneous
information sources (also cdled resources).

In InfoSleuth, the heterogeneity concerns threeissues:
the paradigms used to represent the knowledge (also
referred to as shema heterogeneity); the languages
used to represent the knowledge ad the
conceptualisation urderlying the schema. The different
sources are integrated in a dynamic way and this is
made possble by using a network of co-operating
agents that form the InfoSleuth architecture.

The InfoSleuth architedure includes both core and
application dependent components. Core gplication
provide fundamental services, they are:

User Agent: This agent allows the user to accessthe
InfoSleuth system. It obtains information about the
ontologies known to the system and it uses them to
prompt its user in selecting an ontology that will be
used to formulate queries. Each of these is sent to the
most appropriate task execution agent (see below) that
will send the obtained results to the user agent.
Resource Agent: This agent allows the InfoSeuth
architecture to access the information sources and
executes the requests concerning a specific resource.
The resource agent answers queries trandating them
from the common query language into a language
understood by the resources. This trandation
comprises both the mapping of the shared ontology
into database schema, and the mapping of the query
language into the native language.

Ontology Agent: This agent is a specialised Resource
Agent whose main task is to answer questions about
ontologies. It answers queries about the ontologies
available, such as the source of an ontology and
searches the ontologies for concepts.

Broker Agent: This agent aims at finding the resources
required to solve a user query. All InfoSleuth agents
advertise their capabilities to the broker agent that
semantically matches agents looking for a particular
service with agents providing that particular service
(information brokering technique).



At least, an agent has to advertise its name, its locaion
and its language, but it can aso advertise meta-
information  and domain  congtraints.  The
advertisement is expressed in terms of one or more
ontol ogies thus enabling the dynamic matching.

Task Exeaution Agent: This agent routes requests to
the gpropriate Resource Agents. It decomposes user
queries into sub-queries and ressembles the answers,
thus co-ordinating the executions of high-level
information gathering sub-tasks. The strategy foll owed
isbased on task plans with procedural attachments.
The @plication dependent components of the
InfoSleuth architecture cntribute only to some
applicdions. They are:

Data Analysis Agent: This agent performs data
analysis/mining operations.

Monitor Agent: This agent stores records of the agent
interadions and of the task execution steps.

The -operation between multiple gents is obtained
by using the information brokerage technique that
routes al the requests only on to the relevant
resources. Information brokerage and ontologies are
two aspeds of the InfoSleuth approach strictly
intertwined. Agent communicaions take alvantage of
the use of ontologies as they are used to the agent
infrastructure (this is done by spedfying the
information and the relationships between the various
agents). This aids the routing of the requests to a
spedfic agent.

InfoSleuth all ows diff erent formats and representations
of ontologies by the use of an ontology meta-model
that provides a unified view on the way ontologies are
spedfied. In this way agents might reason about
ontologies using different languages depending on the
type of inferenceto be made.

KRAFT (Gray et al., 1997

KRAFT (Knowledge Reuse ad Fusion /
Transformation) is a multi-site reseach projed
conducted at the universities of Aberdeen, Cardiff and
Liverpod in collaboration with BT (British
Telecommunicaions PLC) in the UK.

The overall aim of this projed is to enable the sharing
and reuse of constraints embedded in heterogeneous
databases and knowledge systems. In the KRAFT
approach to the integration problem there ae three
types of heterogeneity: ontologicd assumptions
(conceptualisations and organisations of the data),
paradigm and language.

KRAFT rewgnises a smal number of shared
ontologies. Moreover eat resource has its own locd
ontology, and provides a trandation to at least one
shared ontology; in thisway locd ontologies alow the
communicaion between heterogeneous resources that
can maintain their intrinsic heterogeneity.

The KRAFT network has the following components:

User Agent: isthe interfacebetween users and services
provided by KRAFT domain;

Resource is the knowledge source to integrate. It
provides srvices to the KRAFT domain. Examples of
KRAFT resources are databases, knowledge bases and
constraint solvers.

Wrapper: is the interface between the domain and the
user agent or the resources. Wrappers provide
communicdion services, both at high and at low level.
At high level they suppart the mechanisms linking the
resources to mediators and fadlit ators (see below). At
low level they provide atrandation service between
the internal data formats of users agent and resources
and the internal data format supparted by the KRAFT
domain. They co-operate with the ontology agent (see
below) to perform trandations.

Mediator: is the component that retrieves information
on adomain. In achieving this purpose it uses domain
knowledge to transform data. It performs operations on
gueries to implement a cetain task and can process
gueries by demmposing, combining them and
transforming their content.

Ontology Agent: is the component that translates
knowledge expressed against a source ontology into
the knowledge expressed against a target ontology. If a
mediator or a wrapper requires an ontology tranglation
it passes the expression and references to bah source
and target ontologies to the ontology agent who will
trandate and return the expression.

Fadlit ator: is the KRAFT component performing the
internal routing services for messages within the
KRAFT domain. Its main functions are to maintain
records of the locaion and of the caabiliti es of the
resources, and to accept and route messages from other
KRAFT resources.

OBSERVER (Menaet al., 1998

OBSERVER (Ontology Based System Enhanced with
Relationships  for  Vocaulary  hEterogeneity
Resolution) is a projed presently conducted at the
University of Zaragoza, Spain.

The am of the OBSERVER projed is to retrieve and
process information stored in  heterogeneous
knowledge sources (cdled repositories). The
heterogeneity in this projed concerns paradigms and
ontologicd assumptions. To avercome the differences
in the formats and in the languages OBSERVER
relates repositories to damain ontologies; these ae
pre-existing ontologies defining a set of terms in a
spedfic domain. The OBSERVER (Gofi et al., 1997)
architecure comprises four main components:

Query procesr: This component has as input a user
query expressed in a chosen user ontology. The query
procesor acceses the data repositories to answer the
query. If the user is not satisfied with the answer, the
query procesor trandates (partialy or totaly) the



qguery into another user-selected ontology using
predefined inter-ontology relationships. The query
processor generates a list of translation plans, where
each plan has an associated |oss of information.
Ontology server: This component provides the user
processor with mappings that link each term in an
ontology with structures in data repositories and it
trandates queries for the retrieval of data from the
repositories. In the access the ontology server is
assisted by the wrapper (see below) of the
corresponding data repository.

Interontology Relationships Manager (IRM): This
component deals with inter-ontology relationships that
relate terms in different ontologies. OBSERVER
considers three kinds of possible relationships:
synonym, hypernym and hyponym.

Wrapper: This component has knowledge of the data
organisation in the repositories. The wrapper actually
accesses the data repository using the mapped
information provided by the ontology server.

The processing is performed according to the
following steps: First users choose one domain
ontology whose term will be used to build the query.
Once the query is formulated, the ontology server
verifies its syntax, then it performs ontological
transformations of the query, and decomposes it. After
the decomposition, the ontology server uses relevant
mappings rules to relate terms in the ontology to the
data structure in the underlying repositories. In
accessing the repository to retrieve a queried data, the
ontology server is assisted by the wrapper. Once the
data is retrieved, the ontology server returns the user
with the answers obtained. If the user is not satisfied
with the answer, the query processor reformulates the
guery using another user chosen ontology.

3. Towardsthe comparison framework

In this section we discuss the most relevant questions
of our framework. To clarify the aim of the questions
the three above described projects are considered.

The projects differ in the sources they integrate. Some
projects address the problem of the integration of
databases and knowledge bases. There are aso
projects devoted to integrate only databases but of
different paradigms, or concerning specifically the
integration of different databases of the same paradigm
(e.g. relational, object-oriented). Other projects extend
the integration to other kinds of knowledge sources,
such as HTML pages, images or textual data. Question
1 of the classification framework addresses thisissue.
As can be seen from the descriptions of the projects,
the heterogeneity may concern several aspects of a
system. In our framework the following classification
isadopted (Visser et al. 1998):

Content heterogeneity: if two systems represent
different knowledge;

Paradigm heterogeneity: if different knowledge
sources express knowledge by means of different
modelling paradigm;

Language heterogeneity: if knowledge sources express
their knowledge using different representation
languages;

Ontological _heterogeneity: occurs when different
systems use different conceptualisations.
Conceptualisations can differ because they describe
different viewpoints about a domain or they can
describe the world from the same viewpoint but one
system can include in its conceptualisation more
concepts than another.

These types of heterogeneity are relatively
independent from each other, so even if two systems
represent knowledge by using the same paradigm, in
the same language, and with the same ontological
assumptions, if the content is different they are to be
considered heterogeneous. The type of the
heterogeneity is addressed in question 2.

We have already stated that integrating knowledge
means to agree on ontological commitments. This
agreement can be implicit or explicit. For example,
KRAFT and InfoSleuth exchange information via an
intermediate ontology while OBSERVER integrates
the sources in a more direct way, without using an
intermediate  ontology. OBSERVER  defines
relationships that relate terms in one ontology with
termsin another one.

Possibly, more than one explicit shared ontology is
used for the integration. In particular, a system can be
classified in one of the following classes: a) No shared
ontology (there is a direct trandation between one
source and another); b) One shared ontology (one
ontology is used to integrate the various sources and
several mapping functions are defined between the
resource and the shared ontology); ¢) Multiple shared
ontologies (the integration is accomplished by using
multiple shared ontologies and there are mapping
functions both between the resource and the shared
ontology and between the different ontologies, as in
KRAFT and InfoSleuth). How many explicit shared
ontologies are used for the integration is addressed in
question 16.

If there are multiple ontologies, the projects can differ
in the principles used to obtain these ontologies. There
are severa different partitioning principles (Visser &
Cui, 1998), such as domain partitioning, alternative
domain views, abstraction, primary ontologies versus
secondary ontologies, terminological, informational
and knowledge modelling ontologies, meta-level
descriptions (question 18). Projects can also differ in
the relationships (Visser & Cui, 1998) linking these
multiple ontologies, such as subset/superset relation,




extension relation, restriction relation,
relation (question 19).
There are aso differences in the type of knowledge
considered in the integration. Some systems, for
example  KRAFT, integrate  constraint-based
knowledge. This kind of knowledge is richer than
mere data but it requires more complex architectures
(question 8).
Even if al the projects described use ontologies to
integrate knowledge, they differ in the way in which
they use them. Some projects use existing ontologies
such as PENMAN (Bateman et al., 1990) and
WordNet (Miller et al., 1993) (question 6). This
approach is followed in the OBSERVER project and in
KRAFT (athough KRAFT builds its own ontologies
starting from a pre-existing one). In other projects the
ontologies are developed from scratch, such as
InfoSleuth.
The organisation of the ontologies is an important
classification feature (question 12). For example, do
the projects organise their ontologies as a hierarchy
and, if so, how many hierarchies do they distinguish?
Alternatively, are their ontologies organised as a
lattice, or as a graph?
4. The comparison framework
This framework consists of 19 questions divided into 3
groups. The first one, (A) general architectural
features, focuses on the projects architectural aspects;
in the second, (B) Intra-ontology features, emphasisis
put on the internal ontology structure, while the third
group, (C) Inter-ontology features, investigates the
relationships between multiple ontologies. (cf. Visser
and Bench-Capon,1998).
A. General architectural features
1. What are the heterogeneous sources that are
integrated? See section 3.
2. What kinds of heterogeneity are distinguished? See
section 3.
3. Is the integration task performed using an agent
architecture?
4. Does the proposed solution address the problem of
adding/removing new resources?
5. Has the approach been implemented (that is, is it
operational) and isit available?
. Intra-ontology features
. Does the system use pre-existing ontologies or
does it build its own ontologies concerning a
domain? See section 3
7. Does the proposed solution address the problem of
an evolving ontology?
. Doesthe ontology have constraints? See section 3
. What is the ontology-specification language (e.g.
Ontolingua, KIF, DL, Prolog, Loom, Horn
clauses)?
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10.To what extent is the inference capability of the
language used (e.g. not at all, subsumption)?

11. Does the approach distinguish an explicit meta-
level ontology (e.g. frame ontology)?

12.How is the content of the ontologies organised?
See section 3

13.1f there is a hierarchy, what top-level ontology
(such as the empty ontology, WordNet,
PENMAN/PANGLOSS, a unified top-level
ontology) is used? For top-level ontologies we
refer to (Sowa, 1995) and (Guarino, 1997)

14.What are the relationships within the ontologies
(e.g. Is-arelationship, Part-of relationship)?

C. Inter-ontology features

15.How many semantic trandation steps are
performed (e.g. none, one, two, more than two)?

16. How many shared ontologies are distinguished?

17.Does the multiple ontology structure allow
multiple parents?

18.I1f there are multiple ontologies, what is the
partitioning principle? See section 3

19.What are the relationships between multiple
ontologies? See section 3

The framework is used to compare three projects

InfoSleuth, KRAFT, and OBSERVER and the table in

Figure 1 illustrates results of the comparison.

5. Discussion and conclusions

The discussion in section 3 illustrates the need for a

comparison framework of techniques in the literature.

Sometimes two projects seem to have common aspects

at first glance. KRAFT and OBSERVER, for instance,

distinguish a component caled wrapper. In

OBSERVER the wrapper seems to be confined to

providing access to the data repositories whereas in

KRAFT it seems to have a more sophisticated role, in

that provides communication services at different

levels. Moreover, in contrast to OBSERVER, in

KRAFT it isalso used to interface with the user.

In other cases the similarity between techniques is not

realy evident at a first glance. This is the case in

KRAFT and InfoSleuth. Despite differences in the

naming of components there are substantial similarities

in the functions performed. For example, the functions

that in InfoSleuth are performed by the broker agent in

KRAFT are performed by the facilitator. Moreover,

both projects have an ontology agent, athough the

KRAFT ontology agent seems to have more

capabilities than its counterpart in InfoSleuth. Finaly,

with respect to interna routing there is a strong

similarity between the functionality of a mediator in

KRAFT and that of a task execution agent in

InfoSleuth.
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Vissr,

on. KRAFT

OBSERVER

InfoSleuth

1. [Not restricted

Relational and object- oriented databases,|Relational

databases,  objed-oriented

HTML pages databases, textual data, HTML pages.
2. |Paradigm.and Ontologicd heterogeneity Paradigm and Ontologicd heterogeneity Paradigm, Language, and Ontologicd
heterogeneity
3. |Yes No Yes
4. [Yes Yes Yes
5. |Partialy implemented and not fredy|Partialy implemented and fredy available. |Partiadly implemented and not fredy
available. available.
6. |Builds its own ontologies darting from|Uses only pre-existing ontologies Builds its own ontologies.
WordNet
7. |No No No
8. |Yes Ontologies are use to constrain user queries |Yes, in a artain way it does.
9. |[P/IFDM DL KIF and LDL++

10. |Constraint check, inheritance

Deductive reasoning capabilities

LDL deductive mechanism help in the
consistency ched of the query constraints

11. [Yes No Yes
12. |Hierarchies Lattice Thereis no explicit hierarchy
13. |WordNet Thereis not atop-level ontology Thereis not atop-level ontology

partitioning and abstraction

14. |Is-arelationship Is-arelationship Unknown

15. [Two At least one Two ar more semantic trandations.

16. |At least one None Multi ple mappings

17. |Yes No Unknown

18. |Alternative domain  views, domain|Alternative domain views Abstradion, adternative domain views,

meta-level description.

19. |Extension, superset relationships

M apping relationships

M apping relationships

Figure 1 the classification framework applied to three projects



