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Abstract

Data integration is an important procedure underlying many research tasks
in the life sciences, as often multiple data sources have to be accessed to
collect the relevant data. The data sources vary in content, data format, and
access methods, which often vastly complicates the data retrieval process.
As a result, the task of retrieving data requires a great deal of effort and
expertise on the part of the user. To alleviate these difficulties, various
information integration systems have been proposed in the area. However, a
number of issues remain unsolved and new integration solutions are needed.

The work presented in this thesis considers data integration at three dif-
ferent levels. 1) Integration of biological data sources deals with integrating
multiple data sources from an information integration system point of view.
We study properties of biological data sources and existing integration sys-
tems. Based on the study, we formulate requirements for systems integrat-
ing biological data sources. Then, we define a query language that supports
queries commonly used by biologists. Also, we propose a high-level archi-
tecture for an information integration system that meets a selected set of
requirements and that supports the specified query language. 2) Integration
of ontologies deals with finding overlapping information between ontologies.
We develop and evaluate algorithms that use life science literature and take
the structure of the ontologies into account. 3) Grouping of biological data
entries deals with organizing data entries into groups based on the computa-
tion of similarity values between the data entries. We propose a method that
covers the main steps and components involved in similarity-based grouping
procedures. The applicability of the method is illustrated by a number of
test cases. Further, we develop an environment that supports comparison
and evaluation of different grouping strategies.

The work is supported by the implementation of: 1) a prototype for a
system integrating biological data sources, called BioTRIFU, 2) algorithms
for ontology alignment, and 3) an environment for evaluating strategies for
similarity-based grouping of biological data, called KitEGA.
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Motivation 3

1 Motivation

Researchers in areas, such as, medicine, agriculture and environmental sci-
ences, intensively use the available biological data to answer different re-
search questions or to solve various tasks [CGGO03]. One of the main goals
is to understand how various organisms function as biological systems. To
achieve this goal, it is important to explore functions and interactions of
genome-encoded components. This type of knowledge may be used for dif-
ferent purposes. For instance, it is used to identify genes responsible for
a disease, to develop drugs enabling treatment of diseases and to predict
organisms’ responses to a drug.

The significance of these areas, the worldwide interest and the available
tools and techniques caused the generation of an enormous amount of biolog-
ical data, such as DNA and protein sequences, gene regulatory and protein
interaction networks, and secondary and tertiary structures of molecules.
This data is spread over a large number of autonomous data sources that are
often publicly available on the Web. For instance, 858 data sources are listed
in the 2006 Database Issue of the Nucleic Acids Research [NAR] journal. As
the data sources are developed and supported independently by different
groups and organizations, they are highly heterogeneous in various aspects.
For example, the data sources vary in the type of the stored data, the data
format, and access methods. Further, there is a terminology discrepancy at
the schema and data levels. In addition to data sources, a large number of
bio-ontologies describing domain knowledge are publicly available in the area
[LTJ06]. For instance, OBO [OBO], an umbrella web address for ontologies
covering the genomics and proteomics domains, lists 29 orthogonal ontolo-
gies. Some of the ontologies have reached the status of de facto standard
and are used extensively to annotate the data sources.

Data integration is an important procedure underlying many research
tasks in the life sciences, as often multiple data sources have to be accessed
to collect the relevant data. For instance, to find publications describing a
given disease that relates to a certain type of sequences may require anal-
ysis of data sources for publications, diseases and sequences together with
some other data sources combining these types of information [LMNO04]. To
support health care applications by using results in functional genomics, the
integration of clinical data and genomic data is important [MINO4].

To successfully accomplish tasks that require data retrieved from multiple
data sources, a lot of effort and knowledge is required from the user. Several
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steps are performed to acquire the data: data sources that contain relevant
data are selected, queries over each data source are formulated and decisions
are made on how to combine the results. To find relevant data sources, the
user has to be acquainted with the content of different data sources. To
formulate a query and decide on how to execute the query, the user has to
be familiar with the ways the data sources support data retrieval and how
data at different sources relate to each other. To execute the query, the user
has to know the location of the data sources that are spread over the Web,
the different query languages and data formats. During query execution the
user may need to translate the data between different formats and combine
the results. A mistake in any of these steps may either result in inefficient
query execution or not finding results. The process is also time consuming
since a large amount of data is usually processed. Data retrieval may take
a long time, e.g. when tools are used to acquire the results. As biological
data sources change often and data sources appear and disappear, the user
has to be aware of these changes.

To alleviate these difficulties various information integration solutions
have been proposed. Specialized integration solutions focus on solving a sin-
gle task based on a set of relevant data sources. In contrast, general purpose
information integration systems aim to support a broad range of tasks and
integration of various data sources. Such systems may provide a common
interface through which a user accesses multiple data sources. In this case
the location and different query languages of the data sources are hidden
from the user. Other types of information integration systems even hide the
integrated data sources from the user. During query processing, these sys-
tems handle also the selection of data sources that are relevant to the query.
However, new integration solutions are needed to better support life science
researchers in their tasks. A number of open issues remain in the available
integration solutions. For instance, it may be difficult to integrate new data
sources into the existing systems or to reuse the systems for new tasks. Fur-
thermore, solutions are lacking for managing incomplete and incorrect data,
and for handling semantic heterogeneity. For solving some of the problems
specialized solutions have to be developed while in other cases developments
in other areas could be adapted.

This thesis focuses on data integration at three different levels. This
includes integration of biological data sources, integration of ontologies and
integration or grouping of biological data entries. Integration of biological
data sources deals with the fact that biologists face a number of problems
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when they want to use biological data sources to find relevant information
for their research and analyzes ways of dealing with these problems in com-
bination from an information integration system point of view. Further, two
specific tasks in integrating biological data are dealt with. Integration of
ontologies deals with finding overlapping information between ontologies.
This includes finding relationships, called alignments, between the related
terms in the ontologies. Grouping of biological data entries deals with
organizing data entries into groups based on the computation of similarity
values between the data entries. Grouping of data entries is an abstraction
of the problem of finding entries that represent the same entity in different
data sources that is a basic operation for integrating the data entries.

2 Problem Statement

The work presented in this thesis aims to develop approaches and techniques
that alleviate the challenges met when using and integrating biological data,
and in particular, the heterogeneity present at different levels in the data
and data sources. The thesis focuses on the identification and analysis of
the available knowledge about data and data sources, and the development
of mechanisms that use the available knowledge for integration of biological
data. To achieve these goals, we focus on the following tasks in the thesis.

2.1 Integration of biological data sources

In this thesis we deal with a few aspects in the context of integrating bio-
logical data sources: requirements and query languages for information in-
tegration systems, and the use of ontologies for integrating the data sources.
Despite the fact that a number of information integration solutions are pro-
posed in the life sciences, not so much research has been performed on the
requirements for such systems. Such a study of requirements is needed as
the complexity of the life sciences, the tasks to be solved, the style of the sci-
entific research and the properties of the available data sources pose special
requirements for information integration systems in the area. Further, the
difference in focus of the existing information integration systems together
with different design and development choices led to the fact that often sys-
tems support a unique query language. The variety of the available query
languages makes it difficult to select between the query languages and to
judge their suitability for expressing the tasks in the life sciences. It is im-
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portant to know a subset of query language operators that should be present

in any query language for integrating biological data sources, for instance, to

support the development of new integration solutions. In addition, during

the recent years some solutions were proposed for using ontologies in infor-

mation integration systems. However, this is still done in a limited way and

only a small part of the possible ontology-based knowledge is currently used.
In this thesis we focus on:

e Study of requirements for systems providing integrated access to bio-
logical data sources with focus on systems providing virtual integration
of data sources, i.e. preserving autonomy of data sources.

e Specification of a query language that allows formulation of different
types of queries commonly used by biologists.

e Specification of a high-level architecture for an information integration
system that meets a selected set of requirements and that supports the
specified query language.

e Design and development of a prototype for the information integration
system. The system should conform to the high-level architecture and
enable deeper exploration of issues related to query processing over
multiple biological data sources.

e Identify types of ontological knowledge publicly available in the area
of life sciences and study how this knowledge could be used to enhance
current integration approaches.

2.2 Integration of ontologies

The task of aligning ontologies is not well explored and is considered to be
one of the major issues in the life sciences [CGGO03]. A number of alignment
strategies are proposed, but further research and development of new strate-
gies are needed |[LT06a, LT06b|. For instance, not much work has been done
on ontology alignment using life science literature as a resource for finding
alignments. Also not many strategies use information about the structure of
the ontologies.
In this thesis we focus on:

e Study how ontology alignment could be performed based on life science
literature.
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e Study how the structure of ontologies could be used in ontology align-
ment.

2.3 Grouping of biological data entries

Many tools for analyzing biological data use some form of grouping and are
used in, for instance, data integration, data cleaning, prediction of protein
functionality, and correlation of genes based on microarray data. A number
of aspects influence the quality of the grouping results: the data sources, the
grouping attributes and the algorithms implementing the grouping proce-
dure. Many methods exist, but it is often not clear which methods perform
best for which grouping tasks. The study of the properties, and the evalu-
ation and the comparison of the different aspects that influence the quality
of the grouping results, would give us valuable insight in how the grouping
procedures could be used in the best way. It would also lead to recommenda-
tions on how to improve the current procedures and develop new procedures.
To be able to perform such studies and evaluations we need environments
that allow us to compare and evaluate different grouping strategies.
In this thesis we focus on:

e Specification of a method that covers the main steps and components
that should be included in environments.

e Design and development of a prototype for an environment supporting
the evaluation of similarity-based grouping procedures. The environ-
ment should be based on the defined method.

3 Contributions

The main contributions of the thesis are the following:
Integration of biological data sources

e Study of biological data sources. The results are presented in paper 1
and 2. Paper 2 extends the work done in paper 1.

e Identification of requirements for information integration systems for
biological data sources. Paper 2 presents and discusses the require-
ments.
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e Study of current information integration systems for biological data
sources with respect to the identified requirements. The work is in-
cluded in paper 2.

e Proposal for a query language and architecture for the BioTRIFU!
system. The contributions appear in paper 1.
As a feasibility study and to get an overview of issues related to query
processing over multiple biological data sources, a subset of the defined
query language and the ideas included in the architecture definition
were implemented in a prototype. The prototype supports the main
steps and components needed to integrate two data sources that can
be accessed at different locations. For details we refer to [Jak05].

e Identification of ontological knowledge and its use in information in-
tegration systems for biological data sources. Paper 3 discusses the
results.

e Proposal of an ontology-based approach for information integration
systems for biological data sources. The approach is presented in paper
3.

Integration of ontologies

e Development and evaluations of algorithms for ontology alignment.
The algorithms use life science literature and take the structure of the
ontologies into account. The contributions are described in paper 4.
The ontology alignment algorithms were implemented and incorpo-
rated into the SAMBO system [LT06a].

Grouping of biological data entries

e Proposal of a method for similarity-based grouping of biological data.
The method is introduced in paper 5.
As a feasibility study, two grouping tasks were implemented and ana-
lyzed through a number of test cases.

e Development and implementation of KitEGA?, an environment for
evaluating strategies for similarity-based grouping of biological data.
The environment is based on the proposed method. The tool and its

! The Right Information For yoU in Bioinformatics
2Tool Kit for Evaluation of Grouping Algorithms
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use are presented in paper 6.

The current implementation of KitEGA supports the specification of
test cases through the use of plug-ins and user interfaces, and provides
a number of user interfaces supporting analysis of the grouping results.

4 Paper Summaries

In this section we give short summaries of the six papers included in this
thesis. Papers 1, 2 and 3 deal with integration of biological data sources,
with paper 3 focusing on ontology-based integration. Paper 4 deals with
integration of ontologies. Papers 5 and 6 deal with grouping of biological
data entries.

Paper 1: Towards transparent access to multiple biological data-
banks

In paper 1 we discuss common problems met by the users of biological
data sources. The discussion includes a study of current biological data
sources. Based on the observations, the paper proposes a base query language
that contains operators that should be present in any query language for
biological data sources. Further, the paper presents an architecture for a
system supporting such a language and enabling transparent and integrated
access to biological data sources.

Paper 2: Information integration systems for biological data sources:
requirements and opportunities

In paper 2 requirements for information integration systems in the area of
bioinformatics are identified. This paper extends the study of problems and
requirements identified in paper 1. First, we study biological data sources
and identify their properties that make querying multiple biological data
sources a difficult task. Then, we formulate requirements for information
integration systems for biological data sources. We also discuss how well
current information integration systems satisfy these requirements and iden-
tify opportunities for future research.

Paper 3: Ontology-based integration for bioinformatics

In paper 3 we argue that the current approaches for integrating biological
data sources should be enhanced by ontological knowledge. We identify
the different types of ontological knowledge that are available on the Web
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(ontologies, ontology alignments, annotations, mappings between data values
and ontological terms) and propose an approach to use this knowledge to
support integrated access to multiple biological data sources. We also show
that current ontology-based integration approaches only cover parts of our
approach.

Paper 4: Alignment of biomedical ontologies using life science lit-
erature

In paper 4 we propose strategies for aligning ontologies based on life
science literature. We propose a basic algorithm as well as extensions that
take the structure of the ontologies into account. We evaluate the strategies
and compare them with strategies implemented in the alignment system
SAMBO. We also evaluate the combination of the proposed strategies and
the SAMBO strategies.

Paper 5: A method for similarity-based grouping of biological data

In paper 5 a method for similarity-based grouping is proposed. As the
main steps the method contains specification of grouping rules, pairwise
grouping between entries, actual grouping of similar entries, and evaluation
and analysis of the results. Often, different strategies can be used in the dif-
ferent steps. The method enables exploration of the influence of the choices
and supports evaluation of the results with respect to given classifications.
The grouping method is illustrated by test cases based on different strategies
and classifications. The results show the complexity of the similarity-based
grouping tasks and give deeper insights in the selected grouping tasks, the
analyzed data source, and the influence of different strategies on the results.

Paper 6: A Tool for evaluating strategies for grouping of biological
data

In paper 6 we present KitEGA, an environment supporting the evalua-
tion of grouping strategies. Based on the method presented in paper 5, we
propose a framework for comparative evaluation of strategies for grouping
data based on the method, and present its current implementation. Fur-
ther, we illustrate the use of KitEGA by comparing grouping strategies for
classifying proteins regarding biological function and isozymes.
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5 Related Work

5.1 Integration of biological data sources

Requirements for general purpose information integration systems for bio-
logical data sources on the Web were discussed in [DOB95|, [Kar96], [Won02]
and [HKO04]. The first two papers were written a decade ago. Since then, the
area of life sciences has evolved fast: many more data sources and tools are
publicly available and new tasks have to be solved. While some of the earlier
defined requirements for information integration systems are still valid in
the changed environment, other requirements need to be reconsidered and
new requirements need to be specified. The more recent paper [Won02| ar-
gues for a general purpose information integration system that supports core
functionality needed for information integration in life sciences. Therefore,
the defined requirements do not cover some of the issues specific to the area.
The authors of [HKO04| point out a few high level requirements for informa-
tion systems emphasizing the need to automate a maximum number of tasks
while minimizing the amount of time and interactions for the user. The re-
quirements provided in [HK04] are in line with the requirements specified in
paper 2. In paper 2 the requirements are specified at a more detailed level by
looking at different information integration aspects and focusing on systems
providing virtual integration of data sources.

Within the area of life sciences several integration approaches have been
proposed and systems have been implemented. This includes systems based
on database technology, i.e. virtual and materialized (data warehouses) inte-
gration approaches. Also, systems based on the Semantic Web, web services,
grid and agents technologies are developed. In this thesis we focused on is-
sues related to virtual integration. For an overview of such systems see
paper 2. For solving specialized tasks, the use of warehouses is a widely
adopted integration solution (e.g. [TRMO05]|). During the recent years Se-
mantic Web technologies are being used for resolving scalability, hetero-
geneity and reusability problems in the life sciences. In these approaches
biological data and knowledge is represented using Semantic Web languages,
e.g. XML, RDF and OWL [Muk05]. A number of studies are conducted
to explore integrated use of data represented in these formats, e.g. [CYS05]
and [SLDO06|. Also, the use of ontologies is proposed to resolve semantic het-
erogeneity problems and to support knowledge discovery based on biological
data [Gar05]. Further, work is ongoing in applying web services and grid
technologies in the area [VS05]. BioMOBY |[WL02| and myGrid [SRGO03]
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are example projects based on these technologies. Also, agent technology
is shown to be useful for meeting integration challenges in the life sciences.
The authors in [KBB04| argue that advanced communication supported by
agent technology can complement the Semantic Web and grid technologies.

Some of the available information integration systems use ontology-based
technologies to support querying (e.g. BACIIS [MWL03|, KIND |[LGMO03],
SEMEDA [KPL03| and TAMBIS |[GSNO1]). A common feature is that the
integrated schemas used in these systems are seen as ontologies. In contrast,
in the approach described in paper 3, we expect ontologies to be agreed
upon and shared by many users |[Lam04|. As in our approach, the integrated
schemas include domain knowledge and information on data structures at the
data sources. All the systems use the maintained ontology to describe the
content of data sources. Though it is not explicitly stated, cross-references
between data sources are probably used to join the retrieved data items.
KIND uses two ontologies describing static and process knowledge, respec-
tively. The ontologies combine domain knowledge from neuroanatomy and
neurophysiology. In SEMEDA controlled vocabularies can be used to spec-
ify semantics of data type values. Also, data source content descriptions
can be refined with integrated schema terms. Ontological annotations and
mappings between ontology terms are not taken into account in any of the
systems.

5.2 Integration of ontologies

Different strategies can be used to perform alignment of ontologies. |[LT06b]
describes a general strategy for aligning two ontologies. One of the main
component types is a matcher responsible for computing similarities be-
tween the terms from the different source ontologies. The matchers can im-
plement strategies based on linguistic matching, structure-based strategies,
constraint-based approaches, instance-based strategies, strategies that use
auxiliary information or a combination of these. By using different matchers
and combining and filtering the results in different ways we obtain different
alignment strategies. Tools for ontology alignment are discussed in [LT06a].

Some ontology alignment and merging systems provide alignment strate-
gies using literature, such as ArtGen [MWO02], FCA-Merge [SMO01] and On-
toMapper [PPF02|. Also, there are systems that implement alignment algo-
rithms based on the structure of the ontologies. Most systems rely on the
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existence of previously aligned concepts. For instance, Anchor-PROMPT
[NMO1| determines the similarity of concepts by the frequency of their ap-
pearance along the paths between previously aligned concepts. The paths
may be composed of any kind of relations. Also SAMBO as described in
|[LT05| provides such a component where the similarity between concepts is
augmented based on their location in the is-a hierarchy relative to already
aligned concepts. In contrast, the methods proposed in this thesis do not
require previously aligned concepts.

OntoMapper implements the most similar approach to the strategies de-
scribed in paper 4. OntoMapper provides an ontology alignment algorithm
using Bayesian learning. A set of documents (abstracts of technical papers
taken from ACM'’s digital library and Citeseer) is assigned to each concept
in the ontologies. Two raw similarity scores matrices for the ontologies are
computed by the Rainbow text classifier. The similarity between the con-
cepts is calculated based on these two matrices using the Bayesian method.
When analyzing structure of the ontologies, OntoMapper does not require
previously aligned concepts and takes the documents from the sub-concepts
into account when computing the similarity between two concepts. However,
as this is hard-coded in the method, it is not clear how the structure of the
ontologies influences the result of the computation.

In contrast to most other approaches, [CTLO06] uses the structural infor-
mation not to compute similarity between ontological terms, but as a method
for filtering wrong results generated by matchers. The approach gives good
results when many initial suggestions are available and the time for filtering
is often only a small fraction of the time for the similarity computation.

5.3 Grouping of biological data entries

There are two kinds of related work: evaluations of grouping algorithms and
tools for supporting evaluation of grouping algorithms.

A number of evaluations of different kinds of grouping algorithms have
been performed. For instance, regarding clustering of gene expression data
[YHRO1] proposes a measure to estimate the predictive power of a clustering
algorithm and compares two partitional and three hierarchical clustering al-
gorithms based on this measure. |[DD03| proposes three validation strategies
and compares six algorithms. Also [GSS03| proposes a new validation mea-
sure and compares four clustering methods. Five biclustering methods for
gene expression data are evaluated in [PBZ06]. Common to all these evalu-
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ations is the fact that they focus on cluster validation for the evaluation and
comparison of algorithms. They use synthetic and real data sources. Some of
the papers also aim to propose new validation measures. Further, in all these
evaluations, most of the evaluated algorithms needed to be re-implemented
for the purpose of the evaluations.

|[CRFO03| presents the SecondString Toolkit for name-matching methods
which could be used, for instance, in duplicate detection. Several distance
functions for strings are implemented. The algorithms are compared on a
data set regarding non-interpolated average precision.

A system that goes some way into providing an environment for cluster-
ing and validation is the Machaon Cluster Validation Environment [BACO05].
This system is intended for clustering of microarray data and evaluating the
quality of the obtained clusters. The system focuses on cluster validation for
new data sets and therefore uses internal measures based on compactness
and isolation. The system implements several clustering algorithms, met-
rics (distance), and internal measures [BA03]. The user can choose among
these to run a cluster task on a data set. The results are shown as a tree.
The highest level nodes represent the chosen cluster algorithms with partic-
ular parameter selection. The next level represents the results of applying
different validity measures to the clusters generated by the algorithm.

The framework and system (KitEGA) that we propose in papers 5 and
6 aims to go one step further. KitEGA is a platform for evaluating and
comparing similarity-based grouping strategies. Evaluators can plug in their
own algorithms related to the grouping strategies and the evaluation mea-
sures, as well as their own data sets. KitEGA provides then the support for
running the algorithms, and summarizing and analyzing the results.

6 Future Work

6.1 Integration of biological data sources

As we observed in section 5.1 the focus of the research on integrating data in
the life sciences is reorienting from the use of classical database approaches
to the use of web and Semantic Web technologies. [Muk05| mentions chal-
lenges to make the best use of the new technologies. First, most of the
biological data and knowledge should be available in the Semantic Web. To
achieve this, tools supporting automatic extraction of biological data from
the literature is needed. Also, most of the currently available tools for the
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Semantic Web are research prototypes. Further studies are needed on how
to extend these prototypes into systems supporting real-world applications
for effective retrieval of information and discovery of hidden knowledge on
the Semantic Web. For instance, to guarantee scalability, inference engines
available for querying the Semantic Web and graph theory based algorithms
used to explore associations between objects on the Semantic Web may have
to be reconsidered.

Paper 2 enumerates other challenges for information integration systems
for the life sciences. To allow users to view and specify different types of
information, more powerful modules for supporting interaction between the
users and information integration systems are needed. Also, the need for fur-
ther research on how to resolve semantic heterogeneity is emphasized. For
instance, the available approaches, like the ontology-based data integration
approach proposed in paper 4, could be tested in the context of the real
Semantic Web. Also, paper 2 states the need for tools supporting the devel-
opment and maintenance of information integration systems. Such tools are
essential to cope with the scale and dynamics of the life sciences.

6.2 Integration of ontologies

Alignment and merging of ontologies is an important research topic and new
systems and strategies for ontology alignment should be developed. More
studies are needed that explore which strategies work well for which types of
ontologies and a system as KitAMO [LT06¢| can provide a good environment
to perform these studies. In the future we will see an increase of available
alignments between ontologies. This will provide a type of ontological in-
formation that can be used in, for instance, data integration as discussed
in paper 3. Further, there are efforts to promote interoperability of ontolo-
gies, such as the OBO Foundry where it is required that the ontologies use
relations which are unambiguously defined following the pattern of defini-
tions defined in the OBO Relation Ontology [SCKO05|. The results of such
efforts will provide information that should be taken into account during the
alignment process.

There are a number of issues related to the algorithms in paper 4 that
would be interesting to further investigate. A limitation of our algorithms is
that abstracts of research articles are only classified to one concept. We want
to extend our strategies by allowing abstracts to be classified to 0, 1 or more
concepts. We are also interested in looking at other classification algorithms.
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Regarding the structure the ontologies in the current experiments are reason-
ably simple taxonomies. We want to investigate whether the structure-based
strategies lead to similar results for other types of ontologies. Further, our
matchers could be enhanced to use synonyms and domain knowledge.

6.3 Grouping of biological data entries

Similarity-based grouping of data entries is not a trivial task. In order to
find the most suitable grouping strategies for given tasks, tools are needed
to support the evaluation and comparison of different grouping procedures.
An example of such system is KitEGA (paper 6). We intend to extend the
current KitEGA implementation in several ways. We will extend the system
to fully comply with our framework. Further, we will provide a number of
libraries for components that are common. This could include, for instance,
different evaluation measures or grouping methods. We will also use KitEGA
for studies in data integration.
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