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AbstratThe amount of biomedial information that is disseminated over the Webinreases every day. This rih resoure is used to �nd solutions to hallengesaross the life sienes. The Semanti Web for life sienes shows promisefor e�etively and e�iently loating, integrating, querying and inferring re-lated information that is needed in daily biomedial researh. One of the keytehnologies in the Semanti Web is ontologies, whih furnish the semantisof the Semanti Web. A large number of biomedial ontologies have beendeveloped. Many of these ontologies ontain overlapping information, butit is unlikely that eventually there will be one single set of standard ontolo-gies to whih everyone will onform. Therefore, appliations often need todeal with multiple overlapping ontologies, but the heterogeneity of ontologieshampers interoperability between di�erent ontologies. Aligning ontologies,i.e. identifying relationships between di�erent ontologies, aims to overomethis problem.A number of ontology alignment systems have been developed. In thesesystems various tehniques and ideas have been proposed to failitate iden-ti�ation of alignments between ontologies. However, there still is a rangeof issues to be addressed when we have alignment problems at hand. Thework in this thesis ontributes to three di�erent aspets of identi�ation ofhigh quality alignments: 1) Ontology alignment strategies and systems. Wesurveyed the existing ontology alignment systems, and proposed a generalontology alignment framework. Most existing systems an be seen as in-stantiations of the framework. Also, we developed a system for aligningbiomedial ontologies (SAMBO) aording to this framework. We imple-mented various alignment strategies in the system. 2) Evaluation of on-tology alignment strategies. We developed and implemented the KitAMOframework for omparative evaluation of di�erent alignment strategies, andwe evaluated di�erent alignment strategies using the implementation. 3)Reommending optimal alignment strategies for di�erent appliations. Weproposed a method for making reommendations.
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Motivation 31 MotivationIn reent deades, information in the biomedial area has been growing ex-plosively: the tehnologial revolution has brought vast quantities of dataon genomes, enzymes, pathways and diseases. For example, the sequenes ofgenomes for humans have been ompleted [CMP03, FJTO03℄. In the post-genomi era, this information is used to �nd solutions to hallenges aross thelife sienes, for instane, deteting systemi funtional behaviors of the elland the organism [CGGG03℄. Biomedial information is disseminated over ahuge number of heterogeneous and autonomous soures that are often avail-able on the Internet. For instane, 968 datasets freely available on the Webare listed in the 2007 database issue of Nulei Aids Researh [Gal07℄. E�e-tively and e�iently loating, integrating, querying and inferring related dataand knowledge are di�ulties that researhers experiene daily in biomedialresearh [Lam05℄. The Semanti Web for life sienes [HCLS, REW℄ showsgreat promise to alleviate these di�ulties (e.g. [SBL06, BC07℄).The Semanti Web is an extension of the urrent Web where informationis given well-de�ned meaning, better enabling mahines to automatiallyproess information [BHL01℄. One of the key tehnologies in the Seman-ti Web is ontologies, whih will furnish the semantis for the SemantiWeb [SBH06℄. Ontologies (e.g. [Gom99℄) an be seen as de�ning the ba-si onepts and relations of a domain of interest, as well as the rules forombining these onepts and relations. They lead to a better understand-ing of a �eld and to more e�etive and e�ient handling of information inthat �eld. The bene�ts of the use of ontologies inlude reuse and sharingof knowledge aross platforms, and improved doumentation, maintenane,reliability and interoperability (e.g. [JU99℄). A reent example is that theRoyal Soiety of Chemistry (RSC) Publishing has deided to annotate theirpublished sienti� literature with the Gene Ontology (GO) [GO℄ and the Se-quene Ontology (SO) [SO℄ terms, enabling more quik and e�etive searhand automated disovery of relevant researh [GORSC℄.A large number of biomedial ontologies have been developed, and muhe�ort has been made to advane their use to failitate handling vast quan-tities of information in biomedial researh [BS06℄. For example, the GeneOntology onsortium [GO℄, Open Biomedial Ontologies (OBO) [OBO℄, andSNOMED international [SNOMED℄, are international researh ooperationsfor development and use of biomedial ontologies. The National Center forBiomedial Ontology [NCBO℄ is a onsortium founded at the US National



4 IntrodutionInstitutes of Health (NIH), whose goal is to support biomedial researhersusing ontologies in their work.Ontologies are developed in di�erent ommunities based on their ownneeds. It is inevitable that many biomedial ontologies ontain overlappinginformation, but usually there is no straightforward way to map the overlap-ping regions. For instane, in the domain of anatomy, a number of ontologieshave been developed, e.g. Foundational Model of Anatomy (FMA) [FMA℄,the Anatomial Ditionary for the Adult Mouse (MA) [HMC+05℄, anatomiategories of the Medial Subjet Headings (MeSH) and the U.S. NationalCaner Institute (NCI) thesaurus [NCI℄. All these anatomial ontologieshave a great deal in ommon, but are represented in di�erent languages, andimpose di�erent syntax, strutures, semantis, sopes and perspetives. Fur-thermore, it is unlikely that eventually there will be one single set of standardontologies to whih everyone will onform [NRM04℄, although muh e�orthas been devoted to developing standard ontologies in the biomedial area,e.g. the Common Anatomy Referene Ontology (CARO) [HN07℄ being de-veloped under NCBO. Therefore, appliations must often deal with multipleontologies. Appliations often need ontologies from di�erent areas, or whihexpress di�erent views on one area, for example, for querying data over arange of soures annotated with terms from di�erent ontologies. Appliationdevelopers often need to develop ustom, task-spei� and smaller ontologiesand link them to the standard ontologies. Ontology builders may use exist-ing ontologies as the basis for the reation of new ontologies by extending theexisting ontologies or by ombining knowledge from di�erent smaller ontolo-gies. In all of these ases, interoperability of multiple ontologies is hinderedby their heterogeneity, whih has beome a ritial issue for realizing thevision of the Semanti Web [Noy05, BLS07℄.Aligning ontologies, i.e. identifying relationships between di�erent on-tologies, aims to overome the problem. Currently, thousands of ontologieshave been developed, and billions of soures on the Web are annotated withontology terms [SWG℄. High quality ontology alignment is a ornerstone forseamless interoperability between soures using di�erent ontologies. It is aneessary preondition for e�etively loating, integrating, querying and in-ferring information spread over heterogeneous soures. Our work ontributesto solutions for e�iently identifying high quality alignments. In this thesiswe fous on three issues: developing tools for aligning ontologies, evaluatingontology alignment strategies, and reommending optimal alignment strate-gies for di�erent appliations. Although our urrent work mainly ontributes



Bakground 5to the �eld of the life sienes whih is seen to be a huge area for potentialappliation development of the Semanti Web, the results an be generalizedand are appliable to di�erent areas.2 Bakground2.1 OntologiesOntology as the study of existene dates bak to anient Greek philosophy.Ontology studies what kinds of things exist, how these things an be in-terrelated and what they mean in reality. The term has been used in verydi�erent ways within information siene [GG95℄. In this thesis, we followan early de�nition provided in the �eld of the Arti�ial Intelligene [NFF91℄:An ontology de�nes the basi onepts and relations of a domain of interest,as well as the rules for ombining these onepts and relations. The de�nitiongives a rough image of how an ontology is built. Aording to the de�nition,an ontology inludes not only the terms that are expliitly de�ned, but alsoterms that an be inferred using rules.The bene�ts of the use of ontologies inlude reuse and sharing of knowl-edge aross platforms, and improved doumentation, maintenane, reliabilityand interoperability (e.g. [JU99℄). Ontologies are used for ommuniation be-tween people and organizations by providing a ommon terminology over adomain. They provide the basis for interoperability between systems. Theyan be used for making the ontent in information soures expliit and serveas an index to a repository of information. Additionally, they an be usedas a basis for integration of information soures and as a query model forinformation soures. They also support learly separating domain knowl-edge from appliation-based knowledge as well as validation of data soures.Overall, ontologies lead to a better understanding of a �eld and to moree�etive and e�ient handling of information in that �eld.Ontologies an be lassi�ed into di�erent types depending on whih of theomponents are represented and the kind of information they an represent(e.g [SGB01, LTJS07℄). Controlled voabularies are a simple type of ontol-ogy. There are essentially lists of onepts that are enumerated expliitly.When the onepts are organized into a hierarhial struture, we obtain ataxonomy. The relations in a taxonomy an be is-a and part-of. Thesauriare more omplex ontologies, in whih there are also relations that onnetonepts aross the hierarhy. Most urrently available biomedial ontolo-



6 Introdutiongies are of these three types of ontologies. Other types of ontologies are datamodels and knowledge bases. In data models axioms � whih desribe fatsthat are always true in topi area of the ontology � are used in addition toonepts and relations. Knowledge bases are often based on a logi. In thisthesis we fous on ontrolled voabularies, taxonomies and thesauri.Ontology languages allow users to represent an ontology. The main re-quirements of ontology languages are [AH03℄: 1, a well-de�ned syntax, 2,well-de�ned semantis, whih is a neessary ondition for preisely desrib-ing the meaning of knowledge, 3, e�ient reasoning support, whih an beused to, e.g. hek the onsisteny of the ontology, detet unsatis�able ofonepts and remove redundany. 4, su�ient expressive power, whih de-termines what kinds of knowledge an be represented in the ontology, and5, onveniene of expression. There are a number of languages, e.g. RDF(s)[RDF℄, F-Logi [KLW95℄ and OWL [OWL℄. Few of the existing ontologylanguages ful�ll all of these requirements.2.2 Heterogeneity of ontologiesThe heterogeneity of ontologies may our at di�erent levels (e.g. [Kle01,BEF04℄). At language level, ontologies are represented in di�erent lan-guages, suh as RDF(s) and OWL. At terminology level, di�erent namingsof terms bring out the mismathing between ontologies, for example, syn-onyms, homonyms and di�erent enodings. At onept level, we enounterthe heterogeneity of ontologies due to di�erent sope, granularity and per-spetive. At pragmatis level, knowledge represented in ontologies may bein di�erent ontext.The fous of our work is to overome the heterogeneity of ontologieson the terminology and onept levels. Aligning, mapping and artiulatingontologies are the terms often used to refer to the task, and di�erent mean-ings of the terms are given in the literature. In this thesis we use aligningontologies. It is de�ned as identifying the relationships between oneptsor relations from two di�erent soure ontologies. The relationships an beequivalene as well as is-a, part-of or any other kind of relation. This de�ni-tion gives a piture of how to speify orrespondene between two ontologies.This de�nition overs the ommon meaning of mapping ontologies. Aligningontologies usually is to bring together a set of ontologies, and artiulatingontologies is sometimes de�ned as aligning parts of ontologies. We also in-lude merging ontologies in this thesis, whih is to derive a new ontology



Problem Statement 7whih is a (minimal) union of two existing ontologies based on their identi�edalignments.Translating ontology is the ommon term referring to takling het-erogeneity on the language level, whih is de�ned as onverting an ontologyrepresented in one ontology language to another language while preservingthe semantis. Some tools have been developed for failitating this pro-ess, e.g. Jena [Jena℄ is a widely used tool whih supports ontologies inRDFs, DAML+OIL [DAML℄ and OWL. In the biomedial area OWL hasbeen widely aepted, e.g. in OBO and NCBO. We do not fous on thisissue, and assume that ontologies to be aligned are in OWL. The pragmatisheterogeneity is related to the use of ontologies. There is not muh work onthis issue.2.3 Aligning OntologiesA number of systems for aligning ontologies have been developed, and variousmethods for disovering alignments are proposed in these systems. Most ofthe existing systems are semi-automati, i.e. a user is involved in identifyingalignments. To detet alignments, in suh a system there are usually math-ers whih ompute similarity values between terms from di�erent ontologies,and algorithms whih �lter out alignment suggestions based on results frommathers. If there are several mathers, algorithms may be available toombine their results. So, alignment strategies are omposed of di�erentmathers, ombination and �ltering algorithms. Further, in suh asystem there are interative omponents where the user deides alignmentsbased on suggestions.3 Problem StatementAligning ontologies beomes a ritial issue when ollaborating appliationsuse di�erent ontologies. A lot of researh is urrently dealing with thishallenge. A number of ontology alignment systems have been developed.In these systems various tehniques and ideas have been proposed to failitateidentifying alignments between ontologies. However, there is still a range ofissues 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 srath for theirpartiular need. For example, there is no (semi-)automati alignment tool



8 Introdutionin partiular for ontologies from the �eld of life sienes. However, it is notlear how suh systems should be developed and what would be a suitablearhiteture for suh a system. Further, in the �eld of life sienes domainknowledge is available in the form of biomedial domain lexions, databasesand olletions of artiles. This knowledge ould be utilized for �nding highquality alignments, but not muh work has been done on this. So, the �rstproblem to be takled 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 fortheir own need, many of them an be extended for other appliations. Theevaluation and omparison of di�erent systems and their alignment strategieswould give us their strengths and weaknesses, and valuable insight into theirproperties. It would lead to improvement of the existing alignment systemsand strategies, but also provide valuable knowledge when they are reused forother alignment problems. Thus the seond problem is that,Problem 2: Up to now there are few omparative evaluations, andalso there are very few tools to support evaluations.In most appliations where alignments between multiple ontologies arerequired, domain experts want to reuse the existing alignment strategies.It is unlikely that there is one single strategy that outperforms the othersfor all di�erent kinds of ontologies, therefore domain experts must hooseappropriate strategies from di�erent available strategies. It is a very di�ulttask. Problem 3: Currently, very little knowledge is available about ex-isting alignment methods, their appliability, and the ontologies to bealigned, and yet no tool exists that failitates the task, e.g. by reom-mending appropriate alignment strategies.As disussed in setion 2, our urrent work will fous on ontologies whihare ontrolled voabularies, taxonomies and thesauri. We assume that on-tologies to be aligned are in OWL, and we do not onsider the ontext ofontologies in appliation. Further, we fous on semi-automati alignmentsystems.



Contributions 94 ContributionsThis thesis ontributes to aligning biomedial ontologies as follows.4.1 Ontology alignment systems and strategies- As a �rst step in dealing with problem 1, we adapted the method for thelassi�ation of automati shema mathing approahes in [RB01℄ andused it for lassi�ation of ontology alignment approahes. We lassi-�ed ontology alignment approahes based on the knowledge they use.The lassi�ation 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 seond step in oping with problem 1, we proposed, based onontribution 1, a general framework for aligning ontologies. The frame-work provides a basis for building alignment systems, and provides sup-port for experimenting with di�erent alignment omponents and theirombinations. Part of the framework is similar to some steps in thealignment proess introdued in [ES04b℄, but our framework fouseson an arhiteture for alignment systems. Most of the existing systemsan be seen as an instantiations of our framework. This ontributionis reported in paper 1.- We developed SAMBO (System for Aligning and Merging BiomedialOntologies) aording to the general framework. Currently, it is theonly alignment tool targeted towards biomedial ontologies. We stud-ied the harateristis of the existing biomedial ontologies and soughtavailable soures in the area, whih an be utilized for alignment. Weimplemented several alignment algorithms, �ltering algorithms and aweighted sum ombination algorithm. We developed and implementedstrategies based on the textual desriptions of the terms, is-a and part-of hierarhies of the ontologies, retrieved instanes and use of thesauri.In paper 2 we report on algorithms that utilize life siene literatureto ompute the similarity between terms. In paper 3 we propose anapproah that applies information about the struture of ontologiesin the �ltering phase. All other implemented alignment strategies aredisussed in paper 1.



10 Introdution4.2 Evaluation of alignment systems and strategies- As the �rst step in dealing with problem 2, we evaluated the di�er-ent alignment strategies as well as their ombinations within SAMBO.We also ompared SAMBO with other ontology alignment systems. Inthe evaluation we foused on the quality of the suggestions whih ismeasured using preision and reall. We use preision as it is usuallyde�ned in information retrieval, i.e. the number of orret suggestionsdivided by the number of suggestions. Similarly, reall is de�ned asthe number of orret suggestions divided by the total number of or-ret suggestions, in this ase the expeted suggestions. Our work isone of the two existing evaluations whih fous on the quality of thesuggestions. In addition, we studied the evaluation results to detetstrengths and weaknesses of di�erent strategies and their ombinations.The results of the evaluations are disussed in paper 1.- Currently, there is no tool that provides an integrated environmentfor omparative evaluations on alignment strategies and their om-binations. The paper 4 ontributes to this issue. Based on our gen-eral alignment framework and experiments with SAMBO, we proposedthe KitAMO framework whih is an integrated system to ompara-tively evaluate non-interative alignment omponents and their om-binations. We implemented a prototype aording to the framework.With the implementation we experimented with omparative evalua-tions of di�erent alignment strategies and their ombinations in termsof the performane and the quality of the alignment suggestions. Wealso studied how the evaluation results an be used to detet strengthsand weaknesses of di�erent strategies and their ombinations.4.3 Reommendation on alignment strategies- Up to now two methods have been proposed to deal with problem3. They require prior knowledge about the alignment problem andexisting alignment strategies. However, suh knowledge is usually notavailable when making reommendations. In our work we proposed amethod in whih the prior knowledge is not neessary, and whih alsominimizes the e�ort from users. We disussed the method in the settingof an alignment problem with two biomedial ontologies in paper 5.



Researh Methods 115 Researh MethodsSurvey In the proess of understanding the �eld of ontology alignment, wesurveyed the sienti� publiations on ontology alignment and a related area,shema mathing. We experimented with publily available alignment toolsusing a set of biomedial ontologies. We studied their funtionalities andquality of alignment. The survey results were used as a basis for the las-si�ation of alignment tehniques and systems, and for a general alignmentframework.Prototyping Prototyping leads to a better and deeper understanding ofresearh problems and their proposed solutions. We developed our alignmentsystem based on the general framework, and implemented di�erent alignmentstrategies in the system. We performed a number of evaluations and ompar-isons on alignment strategies and systems. The experiments demonstratedthe appliability of the general framework, and gave a better understandingof the alignment framework. In addition, it formed a basis for the work onproblem 2 and 3.When dealing with problem 2, we developed a prototype for evaluatingalignment strategies. We experimented with our implemented strategies todemonstrate and evaluate the appliability of the prototype. The exper-iments also indiated that the prototype ould be applied to support thereommendation method we proposed for problem 3. We implemented sev-eral algorithms in the reommendation method. We tested the appliabilityof the method and evaluated the quality of the reommendations when dif-ferent algorithms were used. This experiment ould, in its turn, be seen asan appliation study of the evaluation prototype.6 Paper SummariesIn this setion we give short summaries of the �ve papers enlosed in thisthesis. In paper 1, 2, and 3 we investigate some fundamental problems ofaligning ontologies. Paper 4 deals with the omparative evaluation of thedi�erent alignment strategies. In paper 5 we approah making reommen-dations on alignment strategies for a partiular alignment problem.



12 IntrodutionPaper 1: SAMBO - A System for Aligning and Merging BiomedialOntologiesIn this paper we present a general framework for aligning ontologies. Inthe framework the alignments between two soure ontologies an be deter-mined under the supervision of the user based on the suggestions generatedby di�erent alignment strategies as well as their ombinations. Further, weidentify the types of alignment strategies used in the existing alignment sys-tems. We desribe SAMBO, an alignment system whih exempli�es the useof the framework. In SAMBO we implement several mathers that are rep-resentatives of the di�erent types of alignment strategies, a �ltering and aombination algorithm. We disuss the evaluations in whih we ompare thequality of suggestions generated by the di�erent mathers and their ombi-nations with the �ltering algorithm, and the amount of time they take togenerate the suggestions. We also ompare SAMBO with two other align-ment systems with respet to the quality of suggestions. We use severalwell-known biomedial ontologies in the evaluations.Paper 2: Alignment of biomedial ontologies using life siene lit-eratureIn this paper we present our experiments on utilizing life siene literaturerelated to onepts from the soure ontologies. We propose a basi algorithmas well as extensions that take the struture of the ontologies into aount.The algorithms build on the intuition that a similarity measure betweenterms an be omputed based on the probability that douments about oneterm are also about the other term and vie versa. The related literatureis retrieved from PubMed [PubMed℄, a free digital arhive of biomedialand life sienes journal literature. We ompare the basi mather with itsextensions, and with other alignment strategies implemented in SAMBO interms of the quality of suggestions and the amount of time they take togenerate the suggestions. We also present the results of evaluations on thedi�erent ombinations of these mathers with other implemented alignmentstrategies.Paper 3: Struture-based �ltering for ontology alignmentIn this paper we propose a method where we use the strutural informa-tion in the �ltering stage in the alignment proess. The approah is basedon the observation that the preision of the results usually dereases but



Related Work 13the reall inreases when the thresholds dereases in the threshold �lteringalgorithm. To keep the preision and inlude more orret suggestions, theapproah augments the threshold �ltering algorithm with the strutural in-formation. We apply the algorithm to �lter out the suggestions from severalmathers implemented in SAMBO. We ompare the quality of the sugges-tions �ltered out with and without the struture information, and also om-pare the amount of time for omputation of the suggestions and �ltering.Paper 4: A Tool for Evaluating Ontology Alignment StrategiesIn paper 4 we propose the KitAMO framework for omparative evaluationof di�erent ontology alignment strategies and their ombinations. We presentour urrent implementation of the framework. With the implementation, weillustrate how the system an be used to evaluate and ompare alignmentstrategies and their ombinations in terms of performane and quality ofthe proposed alignments, and give suggestions on how the results an beanalyzed to obtain deeper insights into the properties of the strategies.Paper 5: A Method for Reommending Ontology Alignment Strate-giesIn this paper we propose a method that provides reommendations onalignment strategies for a given alignment problem. The method makes thereommendations based on the evaluation of the di�erent available alignmentstrategies on several small seleted piees from the ontologies. In the paperwe desribe the basi steps of the method, and then illustrate and disussthe method in the setting of an alignment problem with two well-knownbiomedial ontologies.7 Related Work7.1 Ontology alignment systems and strategiesThere are a number of systems devoted to aligning ontologies, suh as Chi-maera [MFRW00℄, FCA-Merge [SM01℄, PROMPT [NM03℄, IF-Map [YM03℄,GLUE [DMDH03℄, QOM [ES04a℄, COMA++ [ADMR05℄, SST[ZK06℄. Dif-ferent alignment strategies are implemented in these systems. In paper 1we lassify the various alignment approahes based on the knowledge theyuse into strategies based on linguisti mathing, struture-based strategies,instane-based strategies, onstraint-based strategies, strategies using aux-



14 Introdutioniliary information, and their ombinations. We give a brief overview of 13systems and disuss their alignment strategies aording to this lassi�a-tion. In [EBB04℄ alignment approahes are lassi�ed into loal methodsand global methods. Loal methods are the mathers based on internalknowledge, whih are ategorized into, terminologial methods, struturalmethods, extensional (based on instanes) methods, and semanti methods(based on models). Global methods inlude mathers omposed of several lo-al methods, ombination algorithms, methods involving the ontologies as awhole, learning methods, and user input. 21 systems are disussed aordingto the lassi�ations.General alignment frameworks are proposed in works by two other groups.[BEF04℄ de�nes the alignment proess as a funtion and disusses variousonstraints that an be applied on input, parameters and output of the fun-tion. However, how to ompute the funtion is not given. [ES04a℄ introduesan alignment proess with six main steps: feature engineering, seletion ofnext searh steps, similarity omputation, similarity aggregation, interpre-tation and iteration. Feature engineering is to transform the representationof ontologies into a format other steps an use. Seletion of next searhsteps restrits a searh spae of andidate alignments to redue the run-timeomplexity by reduing the number of andidates alignments. Most existingalignment systems usually hek all andidate alignments. Further, [ES04b℄gives 17 rules for the omputation of similarity. In paper 1 we propose ourgeneral alignment framework. Part of the framework is similar to the steps,similarity omputation, similarity aggregation, interpretation and iterationin the proess desribed in [ES04a℄. The main goal of our framework is togive a basis for building alignment systems, and provides support for exper-imenting with di�erent alignment omponents and their ombinations.A repository of information on ontology alignment systems an be foundon the ontology mathing website (http://www.ontologymathing.org/). Itis updated frequently.7.2 Evaluation of alignment systems and strategiesCurrently, omparative evaluations of ontology alignment systems have beenperformed by a few groups. The EU OntoWeb projet [OntoWeb℄ evaluatedthe systems PROMPT based on Protégé (with extension Anhor-PROMPT),Chimaera (desribed, not evaluated), FCA-Merge and ODEMerge. Thisevaluation foused on suh things as funtionality, interoperability and visu-



Related Work 15alization, but did not inlude tests on the quality of the alignment sugges-tions. Our work inludes PROMPT, Chimaera, FOAM and SAMBO in theevaluations. The evaluations fous on the quality of the alignment sugges-tions as well as the time it takes to generate suggestions with these tools.In addition, the interfae of the systems are disussed in [LE03℄, and inpaper 1 the di�erent alignment algorithms and their ombinations with dif-ferent ombination weights were evaluated with di�erent �ltering thresholdvalues. Sine 2004, the Ontology Alignment Evaluation Initiative (OAEI,http://oaei.ontologymathing.org/) has organized yearly international eval-uation ampaigns. The 2006 ampaign has 4 traks gathering 6 data sets: aomparison trak, an expressive ontologies trak, a diretories and thesauritrak, and a onsensus workshop. Eah trak has a di�erent evaluation pur-pose. 10 systems partiipated in the ampaign and 3 of the systems used allthe data sets. The ampaign foused on the quality of the alignment sugges-tions. The results are reported at the international workshop on ontologymathing (OM-2006).Further, tools for evaluations are developed in the latter two projets.The Alignment API [Euz06℄ is the tool developed in the OAEI, whih thepartiipants may use in the ampaign. The Alignment API inludes severalevaluators whih an ompute the preision, reall, fallout and f-measureof an alignment result and a weighted symmetri di�erene between twoalignments. OLA [ELTV04℄ is a GUI appliation implemented on top ofthis API. We propose the KitAMO framework (paper 4) whih providesan integrated system for omparative evaluation and analysis of alignmentstrategies and their ombinations.7.3 Reommendation on alignment strategiesCurrently, very little researh takles the problem of seleting alignmentstrategies that are optimal for given alignment problems. In [MJE06℄ itis argued that �nding appropriate alignment strategies should be based onknowledge about the strategies and their previous use. As a �rst step anumber of fators (related to input, output, approah, usage, ost and do-umentation) were identi�ed that are relevant when seleting an alignmentstrategy. The relevant data is olleted by questionnaires. This methodrequires muh e�ort from many di�erent users. The Analyti Hierarhy Pro-ess is used to detet suitable alignment approahes. In [ESS05℄, APFEL, amahine learning approah to optimize alignment strategies, is proposed. In



16 IntrodutionAPFEL a set of feature parameters are delared for the soure ontologies,the similarity assessment, and the di�erent mathers, ombination and �lteralgorithms. To generate training data, an existing parametrization is usedand alignment suggestions are generated. These suggestions need to be val-idated by the user. A mahine learning approah is then used to learn anoptimal parametrization. The main di�ulty in this approah is hoosingthe training data. The validation of data also requires e�ort from users thathave good knowledge about the area of the ontologies. In paper 5 we haveproposed and tested a method that is based on the assumption that strategiesthat work well for aligning seleted small segments of the ontologies will alsowork well for aligning the whole ontologies. The reommendation is madebased on two well-known measurements of quality of alignment suggestions.8 Conlusion8.1 SummaryAligning ontologies aims to overome the heterogeneity of ontologies. Highquality ontology alignment is ritial for seamless interoperability betweensoures using di�erent ontologies. The goal of our work is to �nd solutionsfor e�iently identifying high quality alignments between ontologies. Thisthesis ontributes to three problems in the �eld: 1, development of ontologyalignment strategies and systems, 2, evaluation of alignment strategies, and3, reommending suitable alignment strategies for given alignment problems.Muh researh has joined the �eld of aligning ontologies. On the pub-liation list of the ontology mathing website, there are 14 onferene andjournal papers in 2003, and in 2006 there are 48 papers. A number of var-ious alignment systems and methods have been developed. In this thesiswe lassi�ed ontology alignment strategies based on the knowledge they use.The lassi�ation leads to an easy way to understand the �eld. We proposeda general framework for aligning ontologies. The framework an provide abasis for building alignment systems, and support for experimenting withdi�erent alignment strategies. Most of the existing systems an be seen asan instantiations of our framework. Based on the framework we developedSAMBO, a system for aligning biomedial ontologies. In the system wedeveloped di�erent alignment strategies targeted at biomedial ontologies.To improve the work in the �eld, omparative evaluation of di�erentsystems and methods has beome a signi�ant issue. In this thesis we eval-



Conlusion 17uated di�erent strategies implemented in SAMBO, and ompared SAMBOwith other systems. The evaluation experiments led to KitAMO, a proto-type for omparative evaluations of alignment strategies. We implementedthe prototype, and evaluated its appliability. However, there are still manyopen problems in this issue, suh as evaluation riteria and onstrution oftest ases.The outome of omparative evaluation an provide valuable input to an-other hallenge, reommending suitable alignment strategies for given align-ment problems. Currently, there is very little researh on the problem. Inthis thesis we proposed a method for reommendation of alignment strate-gies. We implemented di�erent algorithms for the di�erent steps in themethod, demonstrated the feasibility of the method, and evaluated the al-gorithms.8.2 Future WorkIn the future we will ontinue our work for the three problems as follows.Evaluation of alignment strategies and systems We have proposed theKitAMO framework for omparative evaluations of the non-interative align-ment omponents, and implemented a prototype of KitAMO. The urrentimplementation supports evaluation of alignment algorithms. In the futurewe will extend the system to support evaluation of ombination and �lteringmethods. Currently, evaluation in KitAMO an be based on the quality ofalignment suggestions and the time that alignment algorithms need to gener-ate suggestions. The quality of suggestions is measured using the reall andpreision. Sine the user may need other evaluation riteria and measure-ment methods for di�erent evaluation purposes, KitAMO will inlude moreommonly used evaluation approahes, e.g. fallout and f-measure, and mayallow users to plug-in their own evaluation strategies based on a given API.The urrent test ases are small piees from large biomedial ontologies, andthey are taxonomies. We would like to build a testbed whih inludes testases with ontologies of di�erent kinds and sizes, supporting di�erent evalu-ation purposes. Further, the visualization omponents of the system an beimproved.Reommendation of alignment strategies We have proposed a methodfor reommending alignment strategies for a partiular alignment problem.



18 IntrodutionEven though we have shown the feasibility of our method and have obtainedgood results for the alignment problem in the experiment, it is neessaryto perform more experiments with di�erent kinds of ontologies. We alsowant to investigate the in�uene of the di�erent hoies in the di�erent stepsof the method. This inludes investigating di�erent segment pair seletionalgorithms, reommendation measures and reommendation algorithms. Itwill also be interesting to look at how the ideas from [MJE06℄ and [ESS05℄an be used to augment our approah. For instane, when more knowledgeis obtained regarding the di�erent strategies and their previous use (as in[MJE06℄), this knowledge ould be used as a �rst step to �lter the availablestrategies and it an be used by the reommendation strategy. Also the opti-mization approah in [ESS05℄ may be useful for �nding better ombinationsas well as within the reommendation step. The studies will lead us to de�nea theoretial framework for reommendation. Finally, we intend to developa 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 onstraint-based algorithms, and we also want to experiment with di�erent ombina-tion and �ltering approahes. Using KitAMO, we will evaluate the di�erentalignment strategies. The lessons learned in evaluation would lead to im-proved strategies. On the other hand, di�erent alignment strategies mayprodue new requirements on KitAMO. A lot of work has been devoted tothe non-interative alignment omponents, but aligning ontologies is hardlya fully automati task. The interative omponents need more study. Wehave worked on integrating an interative ontology visualization tool intoSAMBO, whih not only improves the user interfae 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 outsideof the biomedial area. We also envision that after evaluation and reom-mendation of alignment strategies, KitAMO an be asked to generate analignment system targeted at a partiular alignment problem.
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