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Abstra
tData integration is an important pro
edure underlying many resear
h tasksin the life s
ien
es, as often multiple data sour
es have to be a

essed to
olle
t the relevant data. The data sour
es vary in 
ontent, data format, anda

ess methods, whi
h often vastly 
ompli
ates the data retrieval pro
ess.As a result, the task of retrieving data requires a great deal of e�ort andexpertise on the part of the user. To alleviate these di�
ulties, variousinformation integration systems have been proposed in the area. However, anumber of issues remain unsolved and new integration solutions are needed.The work presented in this thesis 
onsiders data integration at three dif-ferent levels. 1) Integration of biologi
al data sour
es deals with integratingmultiple data sour
es from an information integration system point of view.We study properties of biologi
al data sour
es and existing integration sys-tems. Based on the study, we formulate requirements for systems integrat-ing biologi
al data sour
es. Then, we de�ne a query language that supportsqueries 
ommonly used by biologists. Also, we propose a high-level ar
hi-te
ture for an information integration system that meets a sele
ted set ofrequirements and that supports the spe
i�ed query language. 2) Integrationof ontologies deals with �nding overlapping information between ontologies.We develop and evaluate algorithms that use life s
ien
e literature and takethe stru
ture of the ontologies into a

ount. 3) Grouping of biologi
al dataentries deals with organizing data entries into groups based on the 
omputa-tion of similarity values between the data entries. We propose a method that
overs the main steps and 
omponents involved in similarity-based groupingpro
edures. The appli
ability of the method is illustrated by a number oftest 
ases. Further, we develop an environment that supports 
omparisonand evaluation of di�erent grouping strategies.The work is supported by the implementation of: 1) a prototype for asystem integrating biologi
al data sour
es, 
alled BioTRIFU, 2) algorithmsfor ontology alignment, and 3) an environment for evaluating strategies forsimilarity-based grouping of biologi
al data, 
alled KitEGA.
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Motivation 31 MotivationResear
hers in areas, su
h as, medi
ine, agri
ulture and environmental s
i-en
es, intensively use the available biologi
al data to answer di�erent re-sear
h questions or to solve various tasks [CGG03℄. One of the main goalsis to understand how various organisms fun
tion as biologi
al systems. Toa
hieve this goal, it is important to explore fun
tions and intera
tions ofgenome-en
oded 
omponents. This type of knowledge may be used for dif-ferent purposes. For instan
e, it is used to identify genes responsible fora disease, to develop drugs enabling treatment of diseases and to predi
torganisms' responses to a drug.The signi�
an
e of these areas, the worldwide interest and the availabletools and te
hniques 
aused the generation of an enormous amount of biolog-i
al data, su
h as DNA and protein sequen
es, gene regulatory and proteinintera
tion networks, and se
ondary and tertiary stru
tures of mole
ules.This data is spread over a large number of autonomous data sour
es that areoften publi
ly available on the Web. For instan
e, 858 data sour
es are listedin the 2006 Database Issue of the Nu
lei
 A
ids Resear
h [NAR℄ journal. Asthe data sour
es are developed and supported independently by di�erentgroups and organizations, they are highly heterogeneous in various aspe
ts.For example, the data sour
es vary in the type of the stored data, the dataformat, and a

ess methods. Further, there is a terminology dis
repan
y atthe s
hema and data levels. In addition to data sour
es, a large number ofbio-ontologies des
ribing domain knowledge are publi
ly available in the area[LTJ06℄. For instan
e, OBO [OBO℄, an umbrella web address for ontologies
overing the genomi
s and proteomi
s domains, lists 29 orthogonal ontolo-gies. Some of the ontologies have rea
hed the status of de fa
to standardand are used extensively to annotate the data sour
es.Data integration is an important pro
edure underlying many resear
htasks in the life s
ien
es, as often multiple data sour
es have to be a

essedto 
olle
t the relevant data. For instan
e, to �nd publi
ations des
ribing agiven disease that relates to a 
ertain type of sequen
es may require anal-ysis of data sour
es for publi
ations, diseases and sequen
es together withsome other data sour
es 
ombining these types of information [LMN04℄. Tosupport health 
are appli
ations by using results in fun
tional genomi
s, theintegration of 
lini
al data and genomi
 data is important [MIN04℄.To su

essfully a

omplish tasks that require data retrieved from multipledata sour
es, a lot of e�ort and knowledge is required from the user. Several



4 Introdu
tionsteps are performed to a
quire the data: data sour
es that 
ontain relevantdata are sele
ted, queries over ea
h data sour
e are formulated and de
isionsare made on how to 
ombine the results. To �nd relevant data sour
es, theuser has to be a
quainted with the 
ontent of di�erent data sour
es. Toformulate a query and de
ide on how to exe
ute the query, the user has tobe familiar with the ways the data sour
es support data retrieval and howdata at di�erent sour
es relate to ea
h other. To exe
ute the query, the userhas to know the lo
ation of the data sour
es that are spread over the Web,the di�erent query languages and data formats. During query exe
ution theuser may need to translate the data between di�erent formats and 
ombinethe results. A mistake in any of these steps may either result in ine�
ientquery exe
ution or not �nding results. The pro
ess is also time 
onsumingsin
e a large amount of data is usually pro
essed. Data retrieval may takea long time, e.g. when tools are used to a
quire the results. As biologi
aldata sour
es 
hange often and data sour
es appear and disappear, the userhas to be aware of these 
hanges.To alleviate these di�
ulties various information integration solutionshave been proposed. Spe
ialized integration solutions fo
us on solving a sin-gle task based on a set of relevant data sour
es. In 
ontrast, general purposeinformation integration systems aim to support a broad range of tasks andintegration of various data sour
es. Su
h systems may provide a 
ommoninterfa
e through whi
h a user a

esses multiple data sour
es. In this 
asethe lo
ation and di�erent query languages of the data sour
es are hiddenfrom the user. Other types of information integration systems even hide theintegrated data sour
es from the user. During query pro
essing, these sys-tems handle also the sele
tion of data sour
es that are relevant to the query.However, new integration solutions are needed to better support life s
ien
eresear
hers in their tasks. A number of open issues remain in the availableintegration solutions. For instan
e, it may be di�
ult to integrate new datasour
es into the existing systems or to reuse the systems for new tasks. Fur-thermore, solutions are la
king for managing in
omplete and in
orre
t data,and for handling semanti
 heterogeneity. For solving some of the problemsspe
ialized solutions have to be developed while in other 
ases developmentsin other areas 
ould be adapted.This thesis fo
uses on data integration at three di�erent levels. Thisin
ludes integration of biologi
al data sour
es, integration of ontologies andintegration or grouping of biologi
al data entries. Integration of biologi
aldata sour
es deals with the fa
t that biologists fa
e a number of problems



Problem Statement 5when they want to use biologi
al data sour
es to �nd relevant informationfor their resear
h and analyzes ways of dealing with these problems in 
om-bination from an information integration system point of view. Further, twospe
i�
 tasks in integrating biologi
al data are dealt with. Integration ofontologies deals with �nding overlapping information between ontologies.This in
ludes �nding relationships, 
alled alignments, between the relatedterms in the ontologies. Grouping of biologi
al data entries deals withorganizing data entries into groups based on the 
omputation of similarityvalues between the data entries. Grouping of data entries is an abstra
tionof the problem of �nding entries that represent the same entity in di�erentdata sour
es that is a basi
 operation for integrating the data entries.2 Problem StatementThe work presented in this thesis aims to develop approa
hes and te
hniquesthat alleviate the 
hallenges met when using and integrating biologi
al data,and in parti
ular, the heterogeneity present at di�erent levels in the dataand data sour
es. The thesis fo
uses on the identi�
ation and analysis ofthe available knowledge about data and data sour
es, and the developmentof me
hanisms that use the available knowledge for integration of biologi
aldata. To a
hieve these goals, we fo
us on the following tasks in the thesis.2.1 Integration of biologi
al data sour
esIn this thesis we deal with a few aspe
ts in the 
ontext of integrating bio-logi
al data sour
es: requirements and query languages for information in-tegration systems, and the use of ontologies for integrating the data sour
es.Despite the fa
t that a number of information integration solutions are pro-posed in the life s
ien
es, not so mu
h resear
h has been performed on therequirements for su
h systems. Su
h a study of requirements is needed asthe 
omplexity of the life s
ien
es, the tasks to be solved, the style of the s
i-enti�
 resear
h and the properties of the available data sour
es pose spe
ialrequirements for information integration systems in the area. Further, thedi�eren
e in fo
us of the existing information integration systems togetherwith di�erent design and development 
hoi
es led to the fa
t that often sys-tems support a unique query language. The variety of the available querylanguages makes it di�
ult to sele
t between the query languages and tojudge their suitability for expressing the tasks in the life s
ien
es. It is im-
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tionportant to know a subset of query language operators that should be presentin any query language for integrating biologi
al data sour
es, for instan
e, tosupport the development of new integration solutions. In addition, duringthe re
ent years some solutions were proposed for using ontologies in infor-mation integration systems. However, this is still done in a limited way andonly a small part of the possible ontology-based knowledge is 
urrently used.In this thesis we fo
us on:
• Study of requirements for systems providing integrated a

ess to bio-logi
al data sour
es with fo
us on systems providing virtual integrationof data sour
es, i.e. preserving autonomy of data sour
es.
• Spe
i�
ation of a query language that allows formulation of di�erenttypes of queries 
ommonly used by biologists.
• Spe
i�
ation of a high-level ar
hite
ture for an information integrationsystem that meets a sele
ted set of requirements and that supports thespe
i�ed query language.
• Design and development of a prototype for the information integrationsystem. The system should 
onform to the high-level ar
hite
ture andenable deeper exploration of issues related to query pro
essing overmultiple biologi
al data sour
es.
• Identify types of ontologi
al knowledge publi
ly available in the areaof life s
ien
es and study how this knowledge 
ould be used to enhan
e
urrent integration approa
hes.2.2 Integration of ontologiesThe task of aligning ontologies is not well explored and is 
onsidered to beone of the major issues in the life s
ien
es [CGG03℄. A number of alignmentstrategies are proposed, but further resear
h and development of new strate-gies are needed [LT06a, LT06b℄. For instan
e, not mu
h work has been doneon ontology alignment using life s
ien
e literature as a resour
e for �ndingalignments. Also not many strategies use information about the stru
ture ofthe ontologies.In this thesis we fo
us on:
• Study how ontology alignment 
ould be performed based on life s
ien
eliterature.
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• Study how the stru
ture of ontologies 
ould be used in ontology align-ment.2.3 Grouping of biologi
al data entriesMany tools for analyzing biologi
al data use some form of grouping and areused in, for instan
e, data integration, data 
leaning, predi
tion of proteinfun
tionality, and 
orrelation of genes based on mi
roarray data. A numberof aspe
ts in�uen
e the quality of the grouping results: the data sour
es, thegrouping attributes and the algorithms implementing the grouping pro
e-dure. Many methods exist, but it is often not 
lear whi
h methods performbest for whi
h grouping tasks. The study of the properties, and the evalu-ation and the 
omparison of the di�erent aspe
ts that in�uen
e the qualityof the grouping results, would give us valuable insight in how the groupingpro
edures 
ould be used in the best way. It would also lead to re
ommenda-tions on how to improve the 
urrent pro
edures and develop new pro
edures.To be able to perform su
h studies and evaluations we need environmentsthat allow us to 
ompare and evaluate di�erent grouping strategies.In this thesis we fo
us on:
• Spe
i�
ation of a method that 
overs the main steps and 
omponentsthat should be in
luded in environments.
• Design and development of a prototype for an environment supportingthe evaluation of similarity-based grouping pro
edures. The environ-ment should be based on the de�ned method.3 ContributionsThe main 
ontributions of the thesis are the following:Integration of biologi
al data sour
es
• Study of biologi
al data sour
es. The results are presented in paper 1and 2. Paper 2 extends the work done in paper 1.
• Identi�
ation of requirements for information integration systems forbiologi
al data sour
es. Paper 2 presents and dis
usses the require-ments.
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tion
• Study of 
urrent information integration systems for biologi
al datasour
es with respe
t to the identi�ed requirements. The work is in-
luded in paper 2.
• Proposal for a query language and ar
hite
ture for the BioTRIFU1system. The 
ontributions appear in paper 1.As a feasibility study and to get an overview of issues related to querypro
essing over multiple biologi
al data sour
es, a subset of the de�nedquery language and the ideas in
luded in the ar
hite
ture de�nitionwere implemented in a prototype. The prototype supports the mainsteps and 
omponents needed to integrate two data sour
es that 
anbe a

essed at di�erent lo
ations. For details we refer to [Jak05℄.
• Identi�
ation of ontologi
al knowledge and its use in information in-tegration systems for biologi
al data sour
es. Paper 3 dis
usses theresults.
• Proposal of an ontology-based approa
h for information integrationsystems for biologi
al data sour
es. The approa
h is presented in paper3.Integration of ontologies
• Development and evaluations of algorithms for ontology alignment.The algorithms use life s
ien
e literature and take the stru
ture of theontologies into a

ount. The 
ontributions are des
ribed in paper 4.The ontology alignment algorithms were implemented and in
orpo-rated into the SAMBO system [LT06a℄.Grouping of biologi
al data entries
• Proposal of a method for similarity-based grouping of biologi
al data.The method is introdu
ed in paper 5.As a feasibility study, two grouping tasks were implemented and ana-lyzed through a number of test 
ases.
• Development and implementation of KitEGA2, an environment forevaluating strategies for similarity-based grouping of biologi
al data.The environment is based on the proposed method. The tool and its1The Right Information For yoU in Bioinformati
s2ToolKit for Evaluation of Grouping Algorithms



Paper Summaries 9use are presented in paper 6.The 
urrent implementation of KitEGA supports the spe
i�
ation oftest 
ases through the use of plug-ins and user interfa
es, and providesa number of user interfa
es supporting analysis of the grouping results.4 Paper SummariesIn this se
tion we give short summaries of the six papers in
luded in thisthesis. Papers 1, 2 and 3 deal with integration of biologi
al data sour
es,with paper 3 fo
using on ontology-based integration. Paper 4 deals withintegration of ontologies. Papers 5 and 6 deal with grouping of biologi
aldata entries.Paper 1: Towards transparent a

ess to multiple biologi
al data-banksIn paper 1 we dis
uss 
ommon problems met by the users of biologi
aldata sour
es. The dis
ussion in
ludes a study of 
urrent biologi
al datasour
es. Based on the observations, the paper proposes a base query languagethat 
ontains operators that should be present in any query language forbiologi
al data sour
es. Further, the paper presents an ar
hite
ture for asystem supporting su
h a language and enabling transparent and integrateda

ess to biologi
al data sour
es.Paper 2: Information integration systems for biologi
al data sour
es:requirements and opportunitiesIn paper 2 requirements for information integration systems in the area ofbioinformati
s are identi�ed. This paper extends the study of problems andrequirements identi�ed in paper 1. First, we study biologi
al data sour
esand identify their properties that make querying multiple biologi
al datasour
es a di�
ult task. Then, we formulate requirements for informationintegration systems for biologi
al data sour
es. We also dis
uss how well
urrent information integration systems satisfy these requirements and iden-tify opportunities for future resear
h.Paper 3: Ontology-based integration for bioinformati
sIn paper 3 we argue that the 
urrent approa
hes for integrating biologi
aldata sour
es should be enhan
ed by ontologi
al knowledge. We identifythe di�erent types of ontologi
al knowledge that are available on the Web
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tion(ontologies, ontology alignments, annotations, mappings between data valuesand ontologi
al terms) and propose an approa
h to use this knowledge tosupport integrated a

ess to multiple biologi
al data sour
es. We also showthat 
urrent ontology-based integration approa
hes only 
over parts of ourapproa
h.Paper 4: Alignment of biomedi
al ontologies using life s
ien
e lit-eratureIn paper 4 we propose strategies for aligning ontologies based on lifes
ien
e literature. We propose a basi
 algorithm as well as extensions thattake the stru
ture of the ontologies into a

ount. We evaluate the strategiesand 
ompare them with strategies implemented in the alignment systemSAMBO. We also evaluate the 
ombination of the proposed strategies andthe SAMBO strategies.Paper 5: A method for similarity-based grouping of biologi
al dataIn paper 5 a method for similarity-based grouping is proposed. As themain steps the method 
ontains spe
i�
ation of grouping rules, pairwisegrouping between entries, a
tual grouping of similar entries, and evaluationand analysis of the results. Often, di�erent strategies 
an be used in the dif-ferent steps. The method enables exploration of the in�uen
e of the 
hoi
esand supports evaluation of the results with respe
t to given 
lassi�
ations.The grouping method is illustrated by test 
ases based on di�erent strategiesand 
lassi�
ations. The results show the 
omplexity of the similarity-basedgrouping tasks and give deeper insights in the sele
ted grouping tasks, theanalyzed data sour
e, and the in�uen
e of di�erent strategies on the results.Paper 6: A Tool for evaluating strategies for grouping of biologi
aldataIn paper 6 we present KitEGA, an environment supporting the evalua-tion of grouping strategies. Based on the method presented in paper 5, wepropose a framework for 
omparative evaluation of strategies for groupingdata based on the method, and present its 
urrent implementation. Fur-ther, we illustrate the use of KitEGA by 
omparing grouping strategies for
lassifying proteins regarding biologi
al fun
tion and isozymes.



Related Work 115 Related Work5.1 Integration of biologi
al data sour
esRequirements for general purpose information integration systems for bio-logi
al data sour
es on the Web were dis
ussed in [DOB95℄, [Kar96℄, [Won02℄and [HK04℄. The �rst two papers were written a de
ade ago. Sin
e then, thearea of life s
ien
es has evolved fast: many more data sour
es and tools arepubli
ly available and new tasks have to be solved. While some of the earlierde�ned requirements for information integration systems are still valid inthe 
hanged environment, other requirements need to be re
onsidered andnew requirements need to be spe
i�ed. The more re
ent paper [Won02℄ ar-gues for a general purpose information integration system that supports 
orefun
tionality needed for information integration in life s
ien
es. Therefore,the de�ned requirements do not 
over some of the issues spe
i�
 to the area.The authors of [HK04℄ point out a few high level requirements for informa-tion systems emphasizing the need to automate a maximum number of taskswhile minimizing the amount of time and intera
tions for the user. The re-quirements provided in [HK04℄ are in line with the requirements spe
i�ed inpaper 2. In paper 2 the requirements are spe
i�ed at a more detailed level bylooking at di�erent information integration aspe
ts and fo
using on systemsproviding virtual integration of data sour
es.Within the area of life s
ien
es several integration approa
hes have beenproposed and systems have been implemented. This in
ludes systems basedon database te
hnology, i.e. virtual and materialized (data warehouses) inte-gration approa
hes. Also, systems based on the Semanti
 Web, web servi
es,grid and agents te
hnologies are developed. In this thesis we fo
used on is-sues related to virtual integration. For an overview of su
h systems seepaper 2. For solving spe
ialized tasks, the use of warehouses is a widelyadopted integration solution (e.g. [TRM05℄). During the re
ent years Se-manti
 Web te
hnologies are being used for resolving s
alability, hetero-geneity and reusability problems in the life s
ien
es. In these approa
hesbiologi
al data and knowledge is represented using Semanti
 Web languages,e.g. XML, RDF and OWL [Muk05℄. A number of studies are 
ondu
tedto explore integrated use of data represented in these formats, e.g. [CYS05℄and [SLD06℄. Also, the use of ontologies is proposed to resolve semanti
 het-erogeneity problems and to support knowledge dis
overy based on biologi
aldata [Gar05℄. Further, work is ongoing in applying web servi
es and gridte
hnologies in the area [VS05℄. BioMOBY [WL02℄ and myGrid [SRG03℄
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tionare example proje
ts based on these te
hnologies. Also, agent te
hnologyis shown to be useful for meeting integration 
hallenges in the life s
ien
es.The authors in [KBB04℄ argue that advan
ed 
ommuni
ation supported byagent te
hnology 
an 
omplement the Semanti
 Web and grid te
hnologies.Some of the available information integration systems use ontology-basedte
hnologies to support querying (e.g. BACIIS [MWL03℄, KIND [LGM03℄,SEMEDA [KPL03℄ and TAMBIS [GSN01℄). A 
ommon feature is that theintegrated s
hemas used in these systems are seen as ontologies. In 
ontrast,in the approa
h des
ribed in paper 3, we expe
t ontologies to be agreedupon and shared by many users [Lam04℄. As in our approa
h, the integrateds
hemas in
lude domain knowledge and information on data stru
tures at thedata sour
es. All the systems use the maintained ontology to des
ribe the
ontent of data sour
es. Though it is not expli
itly stated, 
ross-referen
esbetween data sour
es are probably used to join the retrieved data items.KIND uses two ontologies des
ribing stati
 and pro
ess knowledge, respe
-tively. The ontologies 
ombine domain knowledge from neuroanatomy andneurophysiology. In SEMEDA 
ontrolled vo
abularies 
an be used to spe
-ify semanti
s of data type values. Also, data sour
e 
ontent des
riptions
an be re�ned with integrated s
hema terms. Ontologi
al annotations andmappings between ontology terms are not taken into a

ount in any of thesystems.5.2 Integration of ontologiesDi�erent strategies 
an be used to perform alignment of ontologies. [LT06b℄des
ribes a general strategy for aligning two ontologies. One of the main
omponent types is a mat
her responsible for 
omputing similarities be-tween the terms from the di�erent sour
e ontologies. The mat
hers 
an im-plement strategies based on linguisti
 mat
hing, stru
ture-based strategies,
onstraint-based approa
hes, instan
e-based strategies, strategies that useauxiliary information or a 
ombination of these. By using di�erent mat
hersand 
ombining and �ltering the results in di�erent ways we obtain di�erentalignment strategies. Tools for ontology alignment are dis
ussed in [LT06a℄.Some ontology alignment and merging systems provide alignment strate-gies using literature, su
h as ArtGen [MW02℄, FCA-Merge [SM01℄ and On-toMapper [PPF02℄. Also, there are systems that implement alignment algo-rithms based on the stru
ture of the ontologies. Most systems rely on the
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e of previously aligned 
on
epts. For instan
e, An
hor-PROMPT[NM01℄ determines the similarity of 
on
epts by the frequen
y of their ap-pearan
e along the paths between previously aligned 
on
epts. The pathsmay be 
omposed of any kind of relations. Also SAMBO as des
ribed in[LT05℄ provides su
h a 
omponent where the similarity between 
on
epts isaugmented based on their lo
ation in the is-a hierar
hy relative to alreadyaligned 
on
epts. In 
ontrast, the methods proposed in this thesis do notrequire previously aligned 
on
epts.OntoMapper implements the most similar approa
h to the strategies de-s
ribed in paper 4. OntoMapper provides an ontology alignment algorithmusing Bayesian learning. A set of do
uments (abstra
ts of te
hni
al paperstaken from ACM's digital library and Citeseer) is assigned to ea
h 
on
eptin the ontologies. Two raw similarity s
ores matri
es for the ontologies are
omputed by the Rainbow text 
lassi�er. The similarity between the 
on-
epts is 
al
ulated based on these two matri
es using the Bayesian method.When analyzing stru
ture of the ontologies, OntoMapper does not requirepreviously aligned 
on
epts and takes the do
uments from the sub-
on
eptsinto a

ount when 
omputing the similarity between two 
on
epts. However,as this is hard-
oded in the method, it is not 
lear how the stru
ture of theontologies in�uen
es the result of the 
omputation.In 
ontrast to most other approa
hes, [CTL06℄ uses the stru
tural infor-mation not to 
ompute similarity between ontologi
al terms, but as a methodfor �ltering wrong results generated by mat
hers. The approa
h gives goodresults when many initial suggestions are available and the time for �lteringis often only a small fra
tion of the time for the similarity 
omputation.5.3 Grouping of biologi
al data entriesThere are two kinds of related work: evaluations of grouping algorithms andtools for supporting evaluation of grouping algorithms.A number of evaluations of di�erent kinds of grouping algorithms havebeen performed. For instan
e, regarding 
lustering of gene expression data[YHR01℄ proposes a measure to estimate the predi
tive power of a 
lusteringalgorithm and 
ompares two partitional and three hierar
hi
al 
lustering al-gorithms based on this measure. [DD03℄ proposes three validation strategiesand 
ompares six algorithms. Also [GSS03℄ proposes a new validation mea-sure and 
ompares four 
lustering methods. Five bi
lustering methods forgene expression data are evaluated in [PBZ06℄. Common to all these evalu-
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tionations is the fa
t that they fo
us on 
luster validation for the evaluation and
omparison of algorithms. They use syntheti
 and real data sour
es. Some ofthe papers also aim to propose new validation measures. Further, in all theseevaluations, most of the evaluated algorithms needed to be re-implementedfor the purpose of the evaluations.[CRF03℄ presents the Se
ondString Toolkit for name-mat
hing methodswhi
h 
ould be used, for instan
e, in dupli
ate dete
tion. Several distan
efun
tions for strings are implemented. The algorithms are 
ompared on adata set regarding non-interpolated average pre
ision.A system that goes some way into providing an environment for 
luster-ing and validation is the Ma
haon Cluster Validation Environment [BAC05℄.This system is intended for 
lustering of mi
roarray data and evaluating thequality of the obtained 
lusters. The system fo
uses on 
luster validation fornew data sets and therefore uses internal measures based on 
ompa
tnessand isolation. The system implements several 
lustering algorithms, met-ri
s (distan
e), and internal measures [BA03℄. The user 
an 
hoose amongthese to run a 
luster task on a data set. The results are shown as a tree.The highest level nodes represent the 
hosen 
luster algorithms with parti
-ular parameter sele
tion. The next level represents the results of applyingdi�erent validity measures to the 
lusters generated by the algorithm.The framework and system (KitEGA) that we propose in papers 5 and6 aims to go one step further. KitEGA is a platform for evaluating and
omparing similarity-based grouping strategies. Evaluators 
an plug in theirown algorithms related to the grouping strategies and the evaluation mea-sures, as well as their own data sets. KitEGA provides then the support forrunning the algorithms, and summarizing and analyzing the results.6 Future Work6.1 Integration of biologi
al data sour
esAs we observed in se
tion 5.1 the fo
us of the resear
h on integrating data inthe life s
ien
es is reorienting from the use of 
lassi
al database approa
hesto the use of web and Semanti
 Web te
hnologies. [Muk05℄ mentions 
hal-lenges to make the best use of the new te
hnologies. First, most of thebiologi
al data and knowledge should be available in the Semanti
 Web. Toa
hieve this, tools supporting automati
 extra
tion of biologi
al data fromthe literature is needed. Also, most of the 
urrently available tools for the



Future Work 15Semanti
 Web are resear
h prototypes. Further studies are needed on howto extend these prototypes into systems supporting real-world appli
ationsfor e�e
tive retrieval of information and dis
overy of hidden knowledge onthe Semanti
 Web. For instan
e, to guarantee s
alability, inferen
e enginesavailable for querying the Semanti
 Web and graph theory based algorithmsused to explore asso
iations between obje
ts on the Semanti
 Web may haveto be re
onsidered.Paper 2 enumerates other 
hallenges for information integration systemsfor the life s
ien
es. To allow users to view and spe
ify di�erent types ofinformation, more powerful modules for supporting intera
tion between theusers and information integration systems are needed. Also, the need for fur-ther resear
h on how to resolve semanti
 heterogeneity is emphasized. Forinstan
e, the available approa
hes, like the ontology-based data integrationapproa
h proposed in paper 4, 
ould be tested in the 
ontext of the realSemanti
 Web. Also, paper 2 states the need for tools supporting the devel-opment and maintenan
e of information integration systems. Su
h tools areessential to 
ope with the s
ale and dynami
s of the life s
ien
es.6.2 Integration of ontologiesAlignment and merging of ontologies is an important resear
h topi
 and newsystems and strategies for ontology alignment should be developed. Morestudies are needed that explore whi
h strategies work well for whi
h types ofontologies and a system as KitAMO [LT06
℄ 
an provide a good environmentto perform these studies. In the future we will see an in
rease of availablealignments between ontologies. This will provide a type of ontologi
al in-formation that 
an be used in, for instan
e, data integration as dis
ussedin paper 3. Further, there are e�orts to promote interoperability of ontolo-gies, su
h as the OBO Foundry where it is required that the ontologies userelations whi
h are unambiguously de�ned following the pattern of de�ni-tions de�ned in the OBO Relation Ontology [SCK05℄. The results of su
he�orts will provide information that should be taken into a

ount during thealignment pro
ess.There are a number of issues related to the algorithms in paper 4 thatwould be interesting to further investigate. A limitation of our algorithms isthat abstra
ts of resear
h arti
les are only 
lassi�ed to one 
on
ept. We wantto extend our strategies by allowing abstra
ts to be 
lassi�ed to 0, 1 or more
on
epts. We are also interested in looking at other 
lassi�
ation algorithms.
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tionRegarding the stru
ture the ontologies in the 
urrent experiments are reason-ably simple taxonomies. We want to investigate whether the stru
ture-basedstrategies lead to similar results for other types of ontologies. Further, ourmat
hers 
ould be enhan
ed to use synonyms and domain knowledge.6.3 Grouping of biologi
al data entriesSimilarity-based grouping of data entries is not a trivial task. In order to�nd the most suitable grouping strategies for given tasks, tools are neededto support the evaluation and 
omparison of di�erent grouping pro
edures.An example of su
h system is KitEGA (paper 6). We intend to extend the
urrent KitEGA implementation in several ways. We will extend the systemto fully 
omply with our framework. Further, we will provide a number oflibraries for 
omponents that are 
ommon. This 
ould in
lude, for instan
e,di�erent evaluation measures or grouping methods. We will also use KitEGAfor studies in data integration.Referen
es[BA03℄ Bolshakova N, Azuaje F. Cluster validation te
hniques for genomeexpression data. Signal Pro
essing, 83:825-833, 2003.[BAC05℄ Bolshakova N, Azuaje F, Cunningham P. An integrated tool for mi-
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luster validity assessment. Bioinformati
s,21(4):451-455, 2005.[CGG03℄ Collins F, Green E, Guttma
her A, Guyer M. A Vision for theFuture of Genomi
s Resear
h. Nature, 422:835-847, 2003.[CRF03℄ CohenW, Ravikumar P, Fienberg S. A 
omparison of string metri
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ords. Pro
eedings of the KDD Workshop onData Cleaning and Obje
t Consolidation, 2003.[CTL06℄ Chen B, Tan H, Lambrix P. Stru
ture-based �ltering for ontologyalignment. Pro
eedings of the IEEE WETICE Workshop on Semanti
Te
hnologies in Collaborative Appli
ations, 2006.[CYS05℄ Cheung KH, Yip KY, Smith A, Deknikker R, Masiar A, GersteinM. YeastHub: a semanti
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s 21(1):i85-96, 2005.
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