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Abstract

The amount of biomedical information that is disseminated over the Web
increases every day. This rich resource is used to find solutions to challenges
across the life sciences. The Semantic Web for life sciences shows promise
for effectively and efficiently locating, integrating, querying and inferring re-
lated information that is needed in daily biomedical research. One of the key
technologies in the Semantic Web is ontologies, which furnish the semantics
of the Semantic Web. A large number of biomedical ontologies have been
developed. Many of these ontologies contain overlapping information, but
it is unlikely that eventually there will be one single set of standard ontolo-
gies to which everyone will conform. Therefore, applications often need to
deal with multiple overlapping ontologies, but the heterogeneity of ontologies
hampers interoperability between different ontologies. Aligning ontologies,
i.e. identifying relationships between different ontologies, aims to overcome
this problem.

A number of ontology alignment systems have been developed. In these
systems various techniques and ideas have been proposed to facilitate iden-
tification of alignments between ontologies. However, there still is a range
of issues to be addressed when we have alignment problems at hand. The
work in this thesis contributes to three different aspects of identification of
high quality alignments: 1) Ontology alignment strategies and systems. We
surveyed the existing ontology alignment systems, and proposed a general
ontology alignment framework. Most existing systems can be seen as in-
stantiations of the framework. Also, we developed a system for aligning
biomedical ontologies (SAMBO) according to this framework. We imple-
mented various alignment strategies in the system. 2) Ewaluation of on-
tology alignment strategies. We developed and implemented the KitAMO
framework for comparative evaluation of different alignment strategies, and
we evaluated different alignment strategies using the implementation. 3)
Recommending optimal alignment strategies for different applications. We
proposed a method for making recommendations.
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Motivation 3

1 Motivation

In recent decades, information in the biomedical area has been growing ex-
plosively: the technological revolution has brought vast quantities of data
on genomes, enzymes, pathways and diseases. For example, the sequences of
genomes for humans have been completed [CMP03, FJTOO03]. In the post-
genomic era, this information is used to find solutions to challenges across the
life sciences, for instance, detecting systemic functional behaviors of the cell
and the organism [CGGGO3]. Biomedical information is disseminated over a
huge number of heterogeneous and autonomous sources that are often avail-
able on the Internet. For instance, 968 datasets freely available on the Web
are listed in the 2007 database issue of Nucleic Acids Research [Gal07|. Effec-
tively and efficiently locating, integrating, querying and inferring related data
and knowledge are difficulties that researchers experience daily in biomedical
research [Lam05]. The Semantic Web for life sciences [HCLS, REW] shows
great promise to alleviate these difficulties (e.g. [SBL06, BCO7]).

The Semantic Web is an extension of the current Web where information
is given well-defined meaning, better enabling machines to automatically
process information [BHLO1]. One of the key technologies in the Seman-
tic Web is ontologies, which will furnish the semantics for the Semantic
Web [SBHO06]. Ontologies (e.g. [Gom99]) can be seen as defining the ba-
sic concepts and relations of a domain of interest, as well as the rules for
combining these concepts and relations. They lead to a better understand-
ing of a field and to more effective and efficient handling of information in
that field. The benefits of the use of ontologies include reuse and sharing
of knowledge across platforms, and improved documentation, maintenance,
reliability and interoperability (e.g. [JU99]). A recent example is that the
Royal Society of Chemistry (RSC) Publishing has decided to annotate their
published scientific literature with the Gene Ontology (GO) [GO| and the Se-
quence Ontology (SO) [SO] terms, enabling more quick and effective search
and automated discovery of relevant research [GORSC].

A large number of biomedical ontologies have been developed, and much
effort has been made to advance their use to facilitate handling vast quan-
tities of information in biomedical research [BS06]. For example, the Gene
Ontology consortium [GO], Open Biomedical Ontologies (OBO) [OBO], and
SNOMED international [SNOMED)], are international research cooperations
for development and use of biomedical ontologies. The National Center for
Biomedical Ontology [NCBO] is a consortium founded at the US National
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Institutes of Health (NIH), whose goal is to support biomedical researchers
using ontologies in their work.

Ontologies are developed in different communities based on their own
needs. It is inevitable that many biomedical ontologies contain overlapping
information, but usually there is no straightforward way to map the overlap-
ping regions. For instance, in the domain of anatomy, a number of ontologies
have been developed, e.g. Foundational Model of Anatomy (FMA) [FMA],
the Anatomical Dictionary for the Adult Mouse (MA) [HMC+05], anatomic
categories of the Medical Subject Headings (MeSH) and the U.S. National
Cancer Institute (NCI) thesaurus [NCI|. All these anatomical ontologies
have a great deal in common, but are represented in different languages, and
impose different syntax, structures, semantics, scopes and perspectives. Fur-
thermore, it is unlikely that eventually there will be one single set of standard
ontologies to which everyone will conform [NRMO04], although much effort
has been devoted to developing standard ontologies in the biomedical area,
e.g. the Common Anatomy Reference Ontology (CARO) [HNO7| being de-
veloped under NCBO. Therefore, applications must often deal with multiple
ontologies. Applications often need ontologies from different areas, or which
express different views on one area, for example, for querying data over a
range of sources annotated with terms from different ontologies. Application
developers often need to develop custom, task-specific and smaller ontologies
and link them to the standard ontologies. Ontology builders may use exist-
ing ontologies as the basis for the creation of new ontologies by extending the
existing ontologies or by combining knowledge from different smaller ontolo-
gies. In all of these cases, interoperability of multiple ontologies is hindered
by their heterogeneity, which has become a critical issue for realizing the
vision of the Semantic Web [Noy05, BLS07].

Aligning ontologies, i.e. identifying relationships between different on-
tologies, aims to overcome the problem. Currently, thousands of ontologies
have been developed, and billions of sources on the Web are annotated with
ontology terms [SWG]. High quality ontology alignment is a cornerstone for
seamless interoperability between sources using different ontologies. It is a
necessary precondition for effectively locating, integrating, querying and in-
ferring information spread over heterogeneous sources. Our work contributes
to solutions for efficiently identifying high quality alignments. In this thesis
we focus on three issues: developing tools for aligning ontologies, evaluating
ontology alignment strategies, and recommending optimal alignment strate-
gies for different applications. Although our current work mainly contributes
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to the field of the life sciences which is seen to be a huge area for potential
application development of the Semantic Web, the results can be generalized
and are applicable to different areas.

2 Background

2.1 Ontologies

Ontology as the study of existence dates back to ancient Greek philosophy.
Ontology studies what kinds of things exist, how these things can be in-
terrelated and what they mean in reality. The term has been used in very
different ways within information science [GG95]. In this thesis, we follow
an early definition provided in the field of the Artificial Intelligence [NFF91]:
An ontology defines the basic concepts and relations of a domain of interest,
as well as the rules for combining these concepts and relations. The definition
gives a rough image of how an ontology is built. According to the definition,
an ontology includes not only the terms that are explicitly defined, but also
terms that can be inferred using rules.

The benefits of the use of ontologies include reuse and sharing of knowl-
edge across platforms, and improved documentation, maintenance, reliability
and interoperability (e.g. [JU99]). Ontologies are used for communication be-
tween people and organizations by providing a common terminology over a
domain. They provide the basis for interoperability between systems. They
can be used for making the content in information sources explicit and serve
as an index to a repository of information. Additionally, they can be used
as a basis for integration of information sources and as a query model for
information sources. They also support clearly separating domain knowl-
edge from application-based knowledge as well as validation of data sources.
Overall, ontologies lead to a better understanding of a field and to more
effective and efficient handling of information in that field.

Ontologies can be classified into different types depending on which of the
components are represented and the kind of information they can represent
(e.g [SGBO1, LTJS07]). Controlled vocabularies are a simple type of ontol-
ogy. There are essentially lists of concepts that are enumerated explicitly.
When the concepts are organized into a hierarchical structure, we obtain a
taronomy. The relations in a taxonomy can be is-a and part-of. Thesauri
are more complex ontologies, in which there are also relations that connect
concepts across the hierarchy. Most currently available biomedical ontolo-
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gies are of these three types of ontologies. Other types of ontologies are data
models and knowledge bases. In data models axioms — which describe facts
that are always true in topic area of the ontology — are used in addition to
concepts and relations. Knowledge bases are often based on a logic. In this
thesis we focus on controlled vocabularies, taxonomies and thesauri.

Ontology languages allow users to represent an ontology. The main re-
quirements of ontology languages are [AHO03]: 1, a well-defined syntax, 2,
well-defined semantics, which is a necessary condition for precisely describ-
ing the meaning of knowledge, 3, efficient reasoning support, which can be
used to, e.g. check the consistency of the ontology, detect unsatisfiable of
concepts and remove redundancy. 4, sufficient expressive power, which de-
termines what kinds of knowledge can be represented in the ontology, and
5, convenience of expression. There are a number of languages, e.g. RDF(s)
[RDF], F-Logic [KLW95] and OWL [OWL]. Few of the existing ontology
languages fulfill all of these requirements.

2.2 Heterogeneity of ontologies

The heterogeneity of ontologies may occur at different levels (e.g. [Kle01,
BEF04]). At language level, ontologies are represented in different lan-
guages, such as RDF(s) and OWL. At terminology level, different namings
of terms bring out the mismatching between ontologies, for example, syn-
onyms, homonyms and different encodings. At concept level, we encounter
the heterogeneity of ontologies due to different scope, granularity and per-
spective. At pragmatics level, knowledge represented in ontologies may be
in different context.

The focus of our work is to overcome the heterogeneity of ontologies
on the terminology and concept levels. Aligning, mapping and articulating
ontologies are the terms often used to refer to the task, and different mean-
ings of the terms are given in the literature. In this thesis we use aligning
ontologies. It is defined as identifying the relationships between concepts
or relations from two different source ontologies. The relationships can be
equivalence as well as is-a, part-of or any other kind of relation. This defini-
tion gives a picture of how to specify correspondence between two ontologies.
This definition covers the common meaning of mapping ontologies. Aligning
ontologies usually is to bring together a set of ontologies, and articulating
ontologies is sometimes defined as aligning parts of ontologies. We also in-
clude merging ontologies in this thesis, which is to derive a new ontology
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which is a (minimal) union of two existing ontologies based on their identified
alignments.

Translating ontology is the common term referring to tackling het-
erogeneity on the language level, which is defined as converting an ontology
represented in one ontology language to another language while preserving
the semantics. Some tools have been developed for facilitating this pro-
cess, e.g. Jena [Jena| is a widely used tool which supports ontologies in
RDFs, DAML+OIL [DAML| and OWL. In the biomedical area OWL has
been widely accepted, e.g. in OBO and NCBO. We do not focus on this
issue, and assume that ontologies to be aligned are in OWL. The pragmatics
heterogeneity is related to the use of ontologies. There is not much work on
this issue.

2.3 Aligning Ontologies

A number of systems for aligning ontologies have been developed, and various
methods for discovering alignments are proposed in these systems. Most of
the existing systems are semi-automatic, i.e. a user is involved in identifying
alignments. To detect alignments, in such a system there are usually match-
ers which compute similarity values between terms from different ontologies,
and algorithms which filter out alignment suggestions based on results from
matchers. If there are several matchers, algorithms may be available to
combine their results. So, alignment strategies are composed of different
matchers, combination and filtering algorithms. Further, in such a
system there are interactive components where the user decides alignments
based on suggestions.

3 Problem Statement

Aligning ontologies becomes a critical issue when collaborating applications
use different ontologies. A lot of research is currently dealing with this
challenge. A number of ontology alignment systems have been developed.
In these systems various techniques and ideas have been proposed to facilitate
identifying alignments between ontologies. However, there is still a range of
issues to be addressed when we have alignment problems at hand.

No alignment system is suitable for all kinds of alignment problems.
Developers may need to build an alignment system from scratch for their
particular need. For example, there is no (semi-)automatic alignment tool
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in particular for ontologies from the field of life sciences. However, it is not
clear how such systems should be developed and what would be a suitable
architecture for such a system. Further, in the field of life sciences domain
knowledge is available in the form of biomedical domain lexicons, databases
and collections of articles. This knowledge could be utilized for finding high
quality alignments, but not much work has been done on this. So, the first
problem to be tackled is in this thesis is:

Problem 1: There are very few guidelines on building alignment sys-
tems.

Although most of alignment systems and strategies are developed for
their own need, many of them can be extended for other applications. The
evaluation and comparison of different systems and their alignment strategies
would give us their strengths and weaknesses, and valuable insight into their
properties. It would lead to improvement of the existing alignment systems
and strategies, but also provide valuable knowledge when they are reused for
other alignment problems. Thus the second problem is that,

Problem 2: Up to now there are few comparative evaluations, and
also there are very few tools to support evaluations.

In most applications where alignments between multiple ontologies are
required, domain experts want to reuse the existing alignment strategies.
It is unlikely that there is one single strategy that outperforms the others
for all different kinds of ontologies, therefore domain experts must choose
appropriate strategies from different available strategies. It is a very difficult
task.

Problem 3: Currently, very little knowledge is available about ex-
isting alignment methods, their applicability, and the ontologies to be
aligned, and yet no tool exists that facilitates the task, e.g. by recom-
mending appropriate alignment strategies.

As discussed in section 2, our current work will focus on ontologies which
are controlled vocabularies, taronomies and thesauri. We assume that on-
tologies to be aligned are in OWL, and we do not consider the context of
ontologies in application. Further, we focus on semi-automatic alignment
systems.
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4

Contributions

This thesis contributes to aligning biomedical ontologies as follows.

4.1

Ontology alignment systems and strategies

- Asafirst step in dealing with problem 1, we adapted the method for the
classification of automatic schema matching approaches in [RB01] and
used it for classification of ontology alignment approaches. We classi-
fied ontology alignment approaches based on the knowledge they use.
The classification augments our understanding of alignment strategies.
An overview of the existing ontology alignment systems and the strate-
gies they use is given in paper 1.

- As the second step in coping with problem 1, we proposed, based on
contribution 1, a general framework for aligning ontologies. The frame-
work provides a basis for building alignment systems, and provides sup-
port for experimenting with different alignment components and their
combinations. Part of the framework is similar to some steps in the
alignment process introduced in [ES04b], but our framework focuses
on an architecture for alignment systems. Most of the existing systems
can be seen as an instantiations of our framework. This contribution
is reported in paper 1.

- We developed SAMBO (System for Aligning and Merging Biomedical
Ontologies) according to the general framework. Currently, it is the
only alignment tool targeted towards biomedical ontologies. We stud-
ied the characteristics of the existing biomedical ontologies and sought
available sources in the area, which can be utilized for alignment. We
implemented several alignment algorithms, filtering algorithms and a
weighted sum combination algorithm. We developed and implemented
strategies based on the textual descriptions of the terms, is-a and part-
of hierarchies of the ontologies, retrieved instances and use of thesauri.
In paper 2 we report on algorithms that utilize life science literature
to compute the similarity between terms. In paper 3 we propose an
approach that applies information about the structure of ontologies
in the filtering phase. All other implemented alignment strategies are
discussed in paper 1.
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4.2

4.3

Evaluation of alignment systems and strategies

- As the first step in dealing with problem 2, we evaluated the differ-
ent alignment strategies as well as their combinations within SAMBO.
We also compared SAMBO with other ontology alignment systems. In
the evaluation we focused on the quality of the suggestions which is
measured using precision and recall. We use precision as it is usually
defined in information retrieval, i.e. the number of correct suggestions
divided by the number of suggestions. Similarly, recall is defined as
the number of correct suggestions divided by the total number of cor-
rect suggestions, in this case the expected suggestions. Our work is
one of the two existing evaluations which focus on the quality of the
suggestions. In addition, we studied the evaluation results to detect
strengths and weaknesses of different strategies and their combinations.
The results of the evaluations are discussed in paper 1.

- Currently, there is no tool that provides an integrated environment
for comparative evaluations on alignment strategies and their com-
binations. The paper 4 contributes to this issue. Based on our gen-
eral alignment framework and experiments with SAMBO, we proposed
the KitAMO framework which is an integrated system to compara-
tively evaluate non-interactive alignment components and their com-
binations. We implemented a prototype according to the framework.
With the implementation we experimented with comparative evalua-
tions of different alignment strategies and their combinations in terms
of the performance and the quality of the alignment suggestions. We
also studied how the evaluation results can be used to detect strengths
and weaknesses of different strategies and their combinations.

Recommendation on alignment strategies

- Up to now two methods have been proposed to deal with problem
3. They require prior knowledge about the alignment problem and
existing alignment strategies. However, such knowledge is usually not
available when making recommendations. In our work we proposed a
method in which the prior knowledge is not necessary, and which also
minimizes the effort from users. We discussed the method in the setting
of an alignment problem with two biomedical ontologies in paper 5.
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5 Research Methods

Survey In the process of understanding the field of ontology alignment, we
surveyed the scientific publications on ontology alignment and a related area,
schema matching. We experimented with publicly available alignment tools
using a set of biomedical ontologies. We studied their functionalities and
quality of alignment. The survey results were used as a basis for the clas-
sification of alignment techniques and systems, and for a general alignment
framework.

Prototyping Prototyping leads to a better and deeper understanding of
research problems and their proposed solutions. We developed our alignment
system based on the general framework, and implemented different alignment
strategies in the system. We performed a number of evaluations and compar-
isons on alignment strategies and systems. The experiments demonstrated
the applicability of the general framework, and gave a better understanding
of the alignment framework. In addition, it formed a basis for the work on
problem 2 and 3.

When dealing with problem 2, we developed a prototype for evaluating
alignment strategies. We experimented with our implemented strategies to
demonstrate and evaluate the applicability of the prototype. The exper-
iments also indicated that the prototype could be applied to support the
recommendation method we proposed for problem 3. We implemented sev-
eral algorithms in the recommendation method. We tested the applicability
of the method and evaluated the quality of the recommendations when dif-
ferent algorithms were used. This experiment could, in its turn, be seen as
an application study of the evaluation prototype.

6 Paper Summaries

In this section we give short summaries of the five papers enclosed in this
thesis. In paper 1, 2, and 3 we investigate some fundamental problems of
aligning ontologies. Paper 4 deals with the comparative evaluation of the
different alignment strategies. In paper 5 we approach making recommen-
dations on alignment strategies for a particular alignment problem.
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Paper 1: SAMBO - A System for Aligning and Merging Biomedical
Ontologies

In this paper we present a general framework for aligning ontologies. In
the framework the alignments between two source ontologies can be deter-
mined under the supervision of the user based on the suggestions generated
by different alignment strategies as well as their combinations. Further, we
identify the types of alignment strategies used in the existing alignment sys-
tems. We describe SAMBO, an alignment system which exemplifies the use
of the framework. In SAMBO we implement several matchers that are rep-
resentatives of the different types of alignment strategies, a filtering and a
combination algorithm. We discuss the evaluations in which we compare the
quality of suggestions generated by the different matchers and their combi-
nations with the filtering algorithm, and the amount of time they take to
generate the suggestions. We also compare SAMBO with two other align-
ment systems with respect to the quality of suggestions. We use several
well-known biomedical ontologies in the evaluations.

Paper 2: Alignment of biomedical ontologies using life science lit-
erature

In this paper we present our experiments on utilizing life science literature
related to concepts from the source ontologies. We propose a basic algorithm
as well as extensions that take the structure of the ontologies into account.
The algorithms build on the intuition that a similarity measure between
terms can be computed based on the probability that documents about one
term are also about the other term and vice versa. The related literature
is retrieved from PubMed [PubMed|, a free digital archive of biomedical
and life sciences journal literature. We compare the basic matcher with its
extensions, and with other alignment strategies implemented in SAMBO in
terms of the quality of suggestions and the amount of time they take to
generate the suggestions. We also present the results of evaluations on the
different combinations of these matchers with other implemented alignment
strategies.

Paper 3: Structure-based filtering for ontology alignment

In this paper we propose a method where we use the structural informa-
tion in the filtering stage in the alignment process. The approach is based
on the observation that the precision of the results usually decreases but
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the recall increases when the thresholds decreases in the threshold filtering
algorithm. To keep the precision and include more correct suggestions, the
approach augments the threshold filtering algorithm with the structural in-
formation. We apply the algorithm to filter out the suggestions from several
matchers implemented in SAMBO. We compare the quality of the sugges-
tions filtered out with and without the structure information, and also com-
pare the amount of time for computation of the suggestions and filtering.

Paper 4: A Tool for Evaluating Ontology Alignment Strategies

In paper 4 we propose the KitAMO framework for comparative evaluation
of different ontology alignment strategies and their combinations. We present
our current implementation of the framework. With the implementation, we
illustrate how the system can be used to evaluate and compare alignment
strategies and their combinations in terms of performance and quality of
the proposed alignments, and give suggestions on how the results can be
analyzed to obtain deeper insights into the properties of the strategies.

Paper 5: A Method for Recommending Ontology Alignment Strate-
gies

In this paper we propose a method that provides recommendations on
alignment strategies for a given alignment problem. The method makes the
recommendations based on the evaluation of the different available alignment
strategies on several small selected pieces from the ontologies. In the paper
we describe the basic steps of the method, and then illustrate and discuss
the method in the setting of an alignment problem with two well-known
biomedical ontologies.

7 Related Work

7.1 Ontology alignment systems and strategies

There are a number of systems devoted to aligning ontologies, such as Chi-
maera [MFRW00|, FCA-Merge [SM01], PROMPT [NMO03|, IF-Map [YMO03],
GLUE [DMDHO03], QOM [ES04a], COMA++ [ADMRO5]|, SST[ZK06]. Dif-
ferent alignment strategies are implemented in these systems. In paper 1
we classify the various alignment approaches based on the knowledge they
use into strategies based on linguistic matching, structure-based strategies,
instance-based strategies, constraint-based strategies, strategies using aux-
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iliary information, and their combinations. We give a brief overview of 13
systems and discuss their alignment strategies according to this classifica-
tion. In [EBBO04| alignment approaches are classified into local methods
and global methods. Local methods are the matchers based on internal
knowledge, which are categorized into, terminological methods, structural
methods, extensional (based on instances) methods, and semantic methods
(based on models). Global methods include matchers composed of several lo-
cal methods, combination algorithms, methods involving the ontologies as a
whole, learning methods, and user input. 21 systems are discussed according
to the classifications.

General alignment frameworks are proposed in works by two other groups.
[BEF04] defines the alignment process as a function and discusses various
constraints that can be applied on input, parameters and output of the func-
tion. However, how to compute the function is not given. [ES04a| introduces
an alignment process with six main steps: feature engineering, selection of
next search steps, similarity computation, similarity aggregation, interpre-
tation and iteration. Feature engineering is to transform the representation
of ontologies into a format other steps can use. Selection of next search
steps restricts a search space of candidate alignments to reduce the run-time
complexity by reducing the number of candidates alignments. Most existing
alignment systems usually check all candidate alignments. Further, [ES04b]
gives 17 rules for the computation of similarity. In paper 1 we propose our
general alignment framework. Part of the framework is similar to the steps,
similarity computation, similarity aggregation, interpretation and iteration
in the process described in [ES0O4al. The main goal of our framework is to
give a basis for building alignment systems, and provides support for exper-
imenting with different alignment components and their combinations.

A repository of information on ontology alignment systems can be found
on the ontology matching website (http://www.ontologymatching.org/). It
is updated frequently.

7.2 Evaluation of alignment systems and strategies

Currently, comparative evaluations of ontology alignment systems have been
performed by a few groups. The EU OntoWeb project [OntoWeb| evaluated
the systems PROMPT based on Protégé (with extension Anchor-PROMPT),
Chimaera (described, not evaluated), FCA-Merge and ODEMerge. This
evaluation focused on such things as functionality, interoperability and visu-
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alization, but did not include tests on the quality of the alignment sugges-
tions. Our work includes PROMPT, Chimaera, FOAM and SAMBO in the
evaluations. The evaluations focus on the quality of the alignment sugges-
tions as well as the time it takes to generate suggestions with these tools.
In addition, the interface of the systems are discussed in [LEO03], and in
paper 1 the different alignment algorithms and their combinations with dif-
ferent combination weights were evaluated with different filtering threshold
values. Since 2004, the Ontology Alignment Evaluation Initiative (OAEI,
http://oaei.ontologymatching.org/) has organized yearly international eval-
uation campaigns. The 2006 campaign has 4 tracks gathering 6 data sets: a
comparison track, an expressive ontologies track, a directories and thesauri
track, and a consensus workshop. Each track has a different evaluation pur-
pose. 10 systems participated in the campaign and 3 of the systems used all
the data sets. The campaign focused on the quality of the alignment sugges-
tions. The results are reported at the international workshop on ontology
matching (OM-2006).

Further, tools for evaluations are developed in the latter two projects.
The Alignment API [Euz06] is the tool developed in the OAEI, which the
participants may use in the campaign. The Alignment APT includes several
evaluators which can compute the precision, recall, fallout and f-measure
of an alignment result and a weighted symmetric difference between two
alignments. OLA [ELTVO04] is a GUI application implemented on top of
this API. We propose the KitAMO framework (paper 4) which provides
an integrated system for comparative evaluation and analysis of alignment
strategies and their combinations.

7.3 Recommendation on alignment strategies

Currently, very little research tackles the problem of selecting alignment
strategies that are optimal for given alignment problems. In [MJE06] it
is argued that finding appropriate alignment strategies should be based on
knowledge about the strategies and their previous use. As a first step a
number of factors (related to input, output, approach, usage, cost and doc-
umentation) were identified that are relevant when selecting an alignment
strategy. The relevant data is collected by questionnaires. This method
requires much effort from many different users. The Analytic Hierarchy Pro-
cess is used to detect suitable alignment approaches. In [ESS05], APFEL, a
machine learning approach to optimize alignment strategies, is proposed. In
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APFEL a set of feature parameters are declared for the source ontologies,
the similarity assessment, and the different matchers, combination and filter
algorithms. To generate training data, an existing parametrization is used
and alignment suggestions are generated. These suggestions need to be val-
idated by the user. A machine learning approach is then used to learn an
optimal parametrization. The main difficulty in this approach is choosing
the training data. The validation of data also requires effort from users that
have good knowledge about the area of the ontologies. In paper 5 we have
proposed and tested a method that is based on the assumption that strategies
that work well for aligning selected small segments of the ontologies will also
work well for aligning the whole ontologies. The recommendation is made
based on two well-known measurements of quality of alignment suggestions.

8 Conclusion

8.1 Summary

Aligning ontologies aims to overcome the heterogeneity of ontologies. High
quality ontology alignment is critical for seamless interoperability between
sources using different ontologies. The goal of our work is to find solutions
for efficiently identifying high quality alignments between ontologies. This
thesis contributes to three problems in the field: 1, development of ontology
alignment strategies and systems, 2, evaluation of alighment strategies, and
3, recommending suitable alignment strategies for given alignment problems.
Much research has joined the field of aligning ontologies. On the pub-
lication list of the ontology matching website, there are 14 conference and
journal papers in 2003, and in 2006 there are 48 papers. A number of var-
ious alignment systems and methods have been developed. In this thesis
we classified ontology alignment strategies based on the knowledge they use.
The classification leads to an easy way to understand the field. We proposed
a general framework for aligning ontologies. The framework can provide a
basis for building alignment systems, and support for experimenting with
different alignment strategies. Most of the existing systems can be seen as
an instantiations of our framework. Based on the framework we developed
SAMBO, a system for aligning biomedical ontologies. In the system we
developed different alignment strategies targeted at biomedical ontologies.
To improve the work in the field, comparative evaluation of different
systems and methods has become a significant issue. In this thesis we eval-
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uated different strategies implemented in SAMBO, and compared SAMBO
with other systems. The evaluation experiments led to KitAMO, a proto-
type for comparative evaluations of alignment strategies. We implemented
the prototype, and evaluated its applicability. However, there are still many
open problems in this issue, such as evaluation criteria and construction of
test cases.

The outcome of comparative evaluation can provide valuable input to an-
other challenge, recommending suitable alignment strategies for given align-
ment problems. Currently, there is very little research on the problem. In
this thesis we proposed a method for recommendation of alignment strate-
gies. We implemented different algorithms for the different steps in the
method, demonstrated the feasibility of the method, and evaluated the al-
gorithms.

8.2 Future Work

In the future we will continue our work for the three problems as follows.

Evaluation of alignment strategies and systems We have proposed the
KitAMO framework for comparative evaluations of the non-interactive align-
ment components, and implemented a prototype of KitAMO. The current
implementation supports evaluation of alignment algorithms. In the future
we will extend the system to support evaluation of combination and filtering
methods. Currently, evaluation in KitAMO can be based on the quality of
alignment suggestions and the time that alignment algorithms need to gener-
ate suggestions. The quality of suggestions is measured using the recall and
precision. Since the user may need other evaluation criteria and measure-
ment methods for different evaluation purposes, KitAMO will include more
commonly used evaluation approaches, e.g. fallout and f-measure, and may
allow users to plug-in their own evaluation strategies based on a given API.
The current test cases are small pieces from large biomedical ontologies, and
they are taronomies. We would like to build a testbed which includes test
cases with ontologies of different kinds and sizes, supporting different evalu-
ation purposes. Further, the visualization components of the system can be
improved.

Recommendation of alignment strategies We have proposed a method
for recommending alignment strategies for a particular alignment problem.
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Even though we have shown the feasibility of our method and have obtained
good results for the alignment problem in the experiment, it is necessary
to perform more experiments with different kinds of ontologies. We also
want to investigate the influence of the different choices in the different steps
of the method. This includes investigating different segment pair selection
algorithms, recommendation measures and recommendation algorithms. It
will also be interesting to look at how the ideas from [MJE06] and [ESS05]
can be used to augment our approach. For instance, when more knowledge
is obtained regarding the different strategies and their previous use (as in
[MJEO6]), this knowledge could be used as a first step to filter the available
strategies and it can be used by the recommendation strategy. Also the opti-
mization approach in [ESS05] may be useful for finding better combinations
as well as within the recommendation step. The studies will lead us to define
a theoretical framework for recommendation. Finally, we intend to develop
a tool that supports the framework by extending the KitAMO system.

SAMBO and ontology alignment strategies In SAMBO we have ex-
perimented with several alignment strategies. In the future we will de-
velop and implement new alignment algorithms, for example constraint-
based algorithms, and we also want to experiment with different combina-
tion and filtering approaches. Using KitAMO, we will evaluate the different
alignment strategies. The lessons learned in evaluation would lead to im-
proved strategies. On the other hand, different alignment strategies may
produce new requirements on KitAMO. A lot of work has been devoted to
the non-interactive alignment components, but aligning ontologies is hardly
a fully automatic task. The interactive components need more study. We
have worked on integrating an interactive ontology visualization tool into
SAMBO, which not only improves the user interface to visualize informa-
tion, but may also lead to the development of new alignment algorithms.
Further, SAMBO will be extended to better support ontologies from outside
of the biomedical area. We also envision that after evaluation and recom-
mendation of alignment strategies, KitAMO can be asked to generate an
alignment system targeted at a particular alignment problem.
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