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t. Genome annotation, the task of assigning a des
ription to ea
h dis
overed genome sequen
e, is an importanta
tivity within the pro
ess of sequen
ing. It relies on the use of ontologies to maintain a uniform vo
abulary and tosupport interoperability of di�erent information resour
es. Often, only the Gene Ontology (GO) is used in the annotationpro
ess, but the exploration of other ontologies, along with GO, 
ould enri
h the vo
abulary used in the annotation,
omplementing it with more details. To fa
ilitate this task, it is ne
essary the identi�
ation of equivalen
es between termsfrom GO and terms from other ontologies. This work presents an approa
h for aligning biomedi
al ontologies withinthe genome annotation pro
ess that helps to identify equivalent terms between GO and other biomedi
al ontologies,enabling the annotator to 
hoose whi
h among them is more suitable as a des
riptor. Two main points have guidedits development: (i) the 
hoi
e of a subset of similarity measures suited to the 
hara
teristi
s of biomedi
al ontologies;and (ii) the use of foundational ontologies, allowing the analysis of the 
on
eptual nature of ea
h term, whi
h servesas a fundamental parameter for similarity 
al
ulation, redu
ing the possibility of asso
iations between terms derivedfrom di�erent 
ategories. Initial experiments showed an improvement on the alignment quality, represented by a 14%in
rease in the number of 
orre
t alignments and a 5% de
rease in the number of in
orre
t asso
iations, reinfor
ing theusefulness of the proposed approa
h in supporting the annotator's work.Categories and Subje
t Des
riptors: H.1.m [Information Systems℄: Models and Prin
iples; I.2.4 [Arti�
ial In-teligen
e℄: Knowledge Representation Formalisms and MethodsKeywords: Foundational Ontologies, Genome annotation, Ontology Alignment1. INTRODUCTIONWith the evolution of genome resear
h and frequent studies asso
iated to di�erent new dis
overedorganisms, the importan
e of bioinformati
s has grown steeply. Resear
hers are exploring te
hnologiesthat, among other things, support the manipulation of large genomi
 databases and fa
ilitate datainteroperability.The genome annotation pro
ess involves a
tivities to register stru
tural and fun
tional informationasso
iated to sequen
es, in
luding 
oding regions, biologi
al fun
tion, gene regulation, intera
tions andexpression [Belloze 2007℄. In order to maintain a uniform vo
abulary throughout this pro
ess, the useof ontologies is 
ru
ial. The Gene Ontology is the most widely used ontology for genome annotation,providing a systemati
 language that enables 
onsistent des
riptions in three key biologi
al domains:
ellular 
omponent, biologi
al pro
ess and mole
ular fun
tion [The Gene Ontology Consortium 2008℄.Despite the great popularity of the Gene Ontology, the rapid evolution of biologi
al resear
h requiresThis work was partially funded by CNPq grants number 309307/2009-0 and 309454/2009-3.Copyright 
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2 · Vivian S. Silva et. al.the use of other ontologies. The Open Biologi
al and Biomedi
al Ontologies (OBO) Foundry, whi
hsupports GO, is a 
ollaborative e�ort to 
reate and maintain a suite of orthogonal ontologies to serveas a referen
e for the biomedi
al domain [OBO Foundry 2009℄. The use of the Gene Ontology in
onjun
tion with other OBO ontologies 
an enri
h genome annotation, generating more 
omplete and
onsistent des
riptions. Nevertheless, there is still great di�
ulty in using other ontologies during theannotation pro
ess. The preferen
e for GO is mainly due to the availability of me
hanisms to supportannotation based on similarity. Be
ause existing databases have been previously annotated based onGO, the terms used to des
ribe a sequen
e are automati
ally transferred to the annotation of the newsimilar sequen
e. Although GO 
overs many aspe
ts needed by biologists when des
ribing sequen
es[Bodenreider and Stevens 2006℄, it is possible that one or a diversity of the other OBO ontologieso�er spe
i�
 
on
epts more suitable to the parti
ular organism being sequen
ed, whi
h 
an dire
tlyin�uen
e the quality of the annotation.Using more than one ontology during the annotation pro
ess requires the identi�
ation of equiva-len
es between the ontologies terms. If the s
ientist initially uses the GO term x, it is possible to lookfor terms in other ontologies that have the same meaning of x, and, by 
omparing their de�nitions,
hoose the one that is more suitable for the annotation.The identi�
ation of equivalen
es between terms of two or more ontologies is possible through thealignment of these ontologies. [Ehrig 2007℄ de�nes the task of aligning two ontologies as: "for ea
hentity (
on
ept, relation or instan
e) in the �rst ontology, we try to �nd a 
orresponding entity, whi
hhas the same intended meaning, in the se
ond ontology." As the annotator has initially availablethe asso
iated GO term, automati
ally identi�ed in the �rst phase of the pro
ess, the alignmentwould retrieve similar terms from other ontologies, leaving to the annotator the task of validatingthe suggested results. Thus, new terms are made available without the need to sear
h the ontologiesmanually: the 
on
epts equivalent to those expressed in GO 
an be found even if they have re
eiveddi�erent names.The obje
tive of this work is to present an approa
h for ontology alignment in the Bioinformati
s
ontext, performing an analysis of similarity measures best suited to the 
hara
teristi
s of the OBOontologies, and also using Foundational Ontologies for 
on
epts di�erentiation based on their nature atthe ontologi
al level [Guarino 1994℄. It is not intended to be another alignment tool, but a pro
edurethat takes advantage from existing alignment approa
hes, adding an important semanti
 feature tothem. More reliable alignments 
an then be obtained, allowing the annotator to qui
kly identify theterms of interest, enri
hing the vo
abulary to be used, and, therefore, the generated annotation.The arti
le is stru
tured as follows. Se
tion 2 brie�y introdu
es the ontology-based genome anno-tation pro
ess. Se
tion 3 des
ribes the prin
iples of ontology alignment and its te
hniques, fo
usingon the top-level ontology based te
hnique. Se
tion 4 presents an analysis of alignment tools and Se
-tion 5 dis
usses the proposed approa
h in detail. Se
tion 6 presents the results obtained by an initialexperiment. Se
tion 7 reviews related works, followed by the 
on
lusions in the Se
tion 8.2. GENOME ANNOTATION BASED ON BIOMEDICAL ONTOLOGIESThe interpretation of data generated in the genome sequen
ing pro
ess is one of the most impor-tant phases of genome resear
h. The genome annotation 
orresponds to the des
ription of identi�edsequen
es by assigning them biologi
al 
hara
teristi
s. Thus, an annotation is the re
ording of thebiologi
al meaning of ea
h identi�ed gene. Asso
iating annotations to gene fragments provides the
ontext for interpreting genomi
 data [Frishman and Valen
ia 2008℄. The annotation pro
ess involves�ltering, transforming and 
omputationally manipulating data, but also often requires some humane�ort on repairing and 
uring information. We 
an identify two types of annotations: automati
,whi
h are generated by analysis programs or imported from publi
 databases, and manual, whi
h are
reated dire
tly by the resear
her. As the annotations will be a

essed by many resear
hers fromJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



An Approa
h for the Alignment of Biomedi
al Ontologies based on Foundational Ontologies · 3anywhere in the world, it is important that the language used is of 
ommon understanding, based ona standard vo
abulary that is shared by everyone in this area. To a
hieve that, the ontology basedannotation is an important me
hanism, as ontologies provide a uniform vo
abulary, allowing genes tobe identi�ed by using similar terms to des
ribe them, regardless of the resear
h group responsible forthe annotation.The Open Biologi
al and Biomedi
al Ontologies (OBO) are re
ognized as a fundamental e�ort tosupport the standardization of the annotations resulting from genome sequen
ing resear
h [Smithet al. 2007℄. The GO is 
ertainly the most popular ontology among them, as the Gene OntologyAnnotation (GOA) database o�ers high quality GO-based annotations, generated both manually andautomati
ally [Barrell et al. 2009℄. With over 32 million annotations, this database is one of the mostused for automati
 and semi-automati
 annotation of newly investigated organisms, where sequen
esthat are similar to those sear
hed are retrieved and used as a referen
e for annotation, with theasso
iated GO term being 
opied as a des
ription for the dis
overed gene. The wide use of this featureas a starting point for further annotations, 
onsolidates the GO as the primary (and often only)ontology used in the genome annotation pro
ess.3. ONTOLOGY ALIGNMENTThe growing number of publi
ly available ontologies, as well as the in
reasing amount of appli
ationsthat use them, re�e
t some of the existing problems in semanti
 interoperability. Despite beingdeveloped to provide a 
ommon vo
abulary within a given domain, there are a
tually several ontologiesin use by di�erent groups and appli
ations. These groups may use di�erent names for the same 
on
ept,and the same name to represent di�erent 
on
epts. The way 
on
epts are related and 
lassi�ed varya

ording to the group's view on the domain, and also a

ording to the purpose of the ontology
reation.Aligning ontologies is a ne
essary 
ondition to support semanti
 interoperability between systems,identifying relationships between individual elements of multiple ontologies [Ehrig 2007℄. Besidesallowing 
ommuni
ation and reuse, the alignment pro
ess enables the 
ombination of information andknowledge 
ontained in di�erent ontologies, enri
hing the des
riptions of data annotated with theseresour
es.The term alignment has many interpretations and there is still no 
onsensus on its meaning. [Ehrig2007℄ de�nes the alignment of two ontologies as "[...℄ for ea
h entity (
on
ept, relation or instan
e) inthe �rst ontology, trying to �nd a 
orresponding entity with the same intended meaning, in the se
ondontology." [Euzenat and Shvaiko 2007℄ 
onsider alignment as the result of ontologies mat
hing, de�nedas the task of �nding 
orresponden
es between semanti
ally related entities of di�erent ontologies,where the relationships 
an be of equivalen
e, disjun
tion, among others. A

ording to this de�nition,the alignment is seen as a produ
t, not as a pro
ess, as emphasized by Ehrig. [De Bruijn et al.2006℄ also reinfor
e the perspe
tive of alignment as a pro
ess, de�ning alignment as the dis
overy of
orresponden
es between ontologies, whi
h are represented by their mapping.For the purposes of this arti
le, we have adopted the de�nition of [Ehrig 2007℄, where the alignment is
onsidered the pro
ess of establishing one-to-one equality relations between the terms of two ontologiesfrom the same domain, whi
h have some interse
tion.3.1 Ontology Alignment Te
hniquesSeveral alignment tools have been developed to support the identi�
ation of equivalent entities indi�erent ontologies. Behind these tools, there is also a variety of te
hniques, whi
h are usually 
om-bined to 
al
ulate the degree of similarity between 
on
epts, relationships and instan
es. [Euzenatand Shvaiko 2007℄ present a detailed 
lassi�
ation of these approa
hes, represented in Figure 1. TheJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.
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Fig. 1. Classi�
ation of elementary alignment approa
hes. Adapted from EuzenatandShvaiko2007basi
 te
hniques are divided into two 
ategories: element-level and stru
ture-level te
hniques. Thete
hniques at the element level identify 
orresponden
es analyzing entities in isolation, ignoring theirrelations with other entities. The te
hniques at the stru
ture level 
onsider how the entities arepresented together within the ontology stru
ture to indi
ate potential mat
hings.At the se
ond level of the alignment te
hniques 
lassi�
ation, the synta
ti
 te
hniques in
lude thosewhere the input is interpreted a

ording to its stru
ture, following a 
learly de�ned algorithm. Theexternal te
hniques are those that exploit auxiliary external resour
es of a domain to interpret theinput, su
h as thesauri or additional input from users. Semanti
 te
hniques use some kind of formalsemanti
s, as for example, model theory, to interpret the input and justify their results. The last levelof the 
lassi�
ation tree 
orresponds to the basi
 alignment te
hniques.3.2 Top-level Ontology based Te
hniqueTop-level, or foundational, ontologies 
orrespond to a set of high-level, domain independent 
ategories,whi
h in
lude notions su
h as obje
ts, events, attributes, spatial-temporal 
onne
tions, dependen
iesand other 
on
epts 
ommon to all areas of knowledge. These ontologies provide rigorous formalsemanti
s for these high-level 
ategories, and serve as a 
on
eptual basis for domain ontologies, whi
hwill, in turn, model a parti
ular part of the world [Probst 2006℄. [Guizzardi 2009℄ reinfor
es thisde�nition by stating that a foundational ontology "is a formal framework of generi
 
on
epts (i.e.domain independent) of the real world that 
an be used to talk about material domains�. In general,this kind of ontology is used as a referen
e model to de�ne allowed 
on
epts in a well- founded
on
eptual modeling language, enabling it to 
apture the semanti
s of the real world.Besides the bene�ts for building 
on
eptual models of a domain, top-level ontologies may alsobe useful during the ontology alignment pro
ess. By identifying the meta-
ategories from whi
hthe 
on
epts are derived, it is possible to establish their nature, making it expli
it the di�eren
esbetween an obje
t and a pro
ess, types of things from their roles, among others. This distin
tionmay help to prevent in
orre
t asso
iations in the alignment pro
ess, restri
ting the indi
ation ofequivalent terms to those derived from the same meta-
ategory, i.e. those having the same 
on
eptualnature. Figure 2 illustrates the use of top-level ontologies in ontology alignment. The presentedfragment of a foundational ontology was introdu
ed by [Guizzardi 2007℄, where only obje
ts aremodeled (endurants). In this ontology, the 
lass "Kind�, whi
h is 
hara
terized by a rigid sortal(whi
h provides a prin
iple of identity), is disjoint from the 
lass "Role", whi
h is not a rigid sortal.Simply put, a rigid sortal is one that does not vary over time (e.g., a "Person" is always a "Person"),unlike a non-rigid sortal, whi
h establishes a 
ondition that is only valid during a given moment inJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.
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Fig. 2. Use of a foundational ontology in ontology alignmenttime (for example, a "Student" at one time may no longer be a "Student" at another).Figure 2 shows the alignment of two ontologies, and the mat
hing of 
lasses where one of themdes
ribes a kind and the other one, a role. By identifying the origin of these 
lasses with the help ofa top-level ontology, this type of asso
iation 
an be avoided, even if some similarity measure returnsa high value, be
ause 
on
epts with a di�erent nature 
an never be regarded as equivalent.3.3 Similarity between OntologiesThe identi�
ation of similarities between two ontologies is a fundamental step in the alignment pro
ess.The similarity, whi
h 
orresponds to a numeri
 value that indi
ates how two elements are similar ordi�erent, may be obtained from the 
omparison of whole ontologies or only of their sub-elements[Ehrig 2007℄ The similarity relation 
an be established between 
on
epts, relationships or instan
es.By 
onsidering both representation and meaning of an entity in the 
omputation of similarity, manymeasures 
an be used, ea
h 
ontemplating a distin
t 
hara
teristi
 of the 
ompared 
on
epts. A listof these measures, in
luding those used in this work, 
an be found in Ehrig's work.4. ALIGNMENT TOOLSIn the last years, motivated by an in
rease on ontology use by several appli
ations, the resear
h onontology alignment has �ourished. The development of a variety of ontologies on the same domain,or with a signi�
ant interse
tion among them, and the need for 
ommuni
ation and interoperabilitybetween the systems that use them, have led to the 
reation of dozens of tools for ontology alignment,merge and integration. Di�erently from the �rst developed tools, like Chimaera [M
Guinness et al.2000℄ and PROMPT [Noy and Musen 2000℄, whi
h involved just simple te
hniques, su
h as string orstru
ture 
omparison, more re
ent developed tools also use sophisti
ated te
hniques (Table I), su
has linguisti
 external resour
es and taxonomy based te
hniques.Journal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



6 · Vivian S. Silva et. al.Table I. Ontology alignment tools and their te
hniquesTe
hniquesTools Element-based Te
hniques Stru
ture-based Te
hniques
StringBased LanguageBased Linguisti
resour


es
Restri
tionbased AlignmentBased Top-levelOntolog

ies
Dataanalysis Graphbased Taxonomybased Stru
turereposito

ry
ModelbasedASMOV [Jean-Mary et al. 2009℄ x x x x x xDSSim [Nagy et al. 2006℄ x x xOntoDNA [Kiu and Lee 2006℄ x x x xFal
on [Jian et al. 2005℄ x x xFOAM [Ehrig and Sure 2005℄ x x x x xSAMBO [Lambrix and Tan 2006℄ x x x x xRIMOM [Li et al. 2007℄ x x xLily [Wang and Xu 2008℄ x x x xCIDER [Gra
ia and Mena 2008℄ x x x xAroma [David et al. 2007℄ x x x x x xIn order to identify tools and their respe
tive approa
hes, to elaborate the proposal of this work, asele
ted set of tools were analyzed. This sele
tion was based on the best performan
e results reportedat OAEI 2007/2008 and the availability of a well-do
umented API. Table I summarizes the sele
tedset of tools 
hara
terization with respe
t to the alignment te
hniques dis
ussed in the last se
tion.Among all these tools, FOAM was 
hosen to validate the present proposal due to its te
hni
alsuperiority. It is 
learly one of the most 
omplete approa
hes in terms of supported te
hniques. Atthe time of this work development, it was available as an open sour
e 
ode in JAVA, together witha detailed des
ription of 
lasses and methods. In addition, FOAM 
ode presents a good level ofmodularity and �exibility, whi
h fa
ilitates possible extensions, su
h as the in
lusion of new similarity
al
ulation te
hniques. Therefore, FOAM was adapted to perform OBO ontologies alignment, and
onsequently, support the genomi
 annotation pro
ess.5. OBOAEA ALIGNMENT APPROACHMost of the alignment tools available nowadays are generi
, i.e., they do not address spe
i�
 domainontologies. However, within some domains, these ontologies may present some parti
ular 
hara
ter-isti
s that require spe
ial treatment, su
h as to 
arry deep or shallow hierar
hies, ontologies withoutinstan
es, fo
us on 
onstraint representation, among others. This is the 
ase of the ontologies underthe supervision of the OBO 
onsortium, whi
h are fo
used on providing a standard vo
abulary andhierar
hy, with no instan
es and just a few obje
t properties.In this 
ontext, the main goal of this work is to elaborate an alignment approa
h, named OBOAEA(from OBO Alignment for Enri
hed Annotation), whi
h takes into a

ount the spe
i�
 
hara
teristi
sof the OBO ontologies. The idea is to sele
t the most appropriate similarity measures, dis
ardingthose that fo
us on resour
es that are not present in su
h ontologies. Therefore, it is possible to takeadvantage of the OBO ontologies resour
es, without the impa
t of unne
essary 
al
ulations on thewhole alignment pro
ess. Besides the usual similarity measures, the identi�
ation of similar 
lassesalso 
ounts on the support of top-level ontologies. These ontologies enable to identify the nature ofthe 
on
epts that are under 
omparison, and help to improve the quality of the alignments by addingmore information to the similarity 
al
ulation. Therefore, this work develops a me
hanism that 
an beJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.
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orporated to a genome annotation environment, enabling the annotator to use multiple ontologiessimultaneously. The annotator 
an easily identify equivalent 
on
epts on di�erent ontologies, andsele
t the one that presents the most detailed des
ription, thus produ
ing an enri
hed �nal annotation.5.1 OBOAEA approa
h stepsThe main goal of the OBOAEA approa
h is to identify GO terms, whi
h were already used in thegenomi
 annotation pro
ess, in other OBO ontologies, and provide the annotator a (possibly) moredetailed term, whi
h 
omes from one of the other ontologies, to enri
h his/her annotation. Beforethe alignment itself, a set of preparation pro
edures are ne
essary, not only to sele
t and prepare theresour
es to be used, but also to fa
ilitate the manipulation of the ontologies and redu
e the exe
utiontime of the system. These steps are des
ribed as follows.Preparation: In this step, all the ontologies involved in the alignment pro
ess are identi�ed:sour
e, target, and top-level ontologies. The sour
e ontology is the one that is in use for semi-automati
 annotation, whi
h in our example is the GO. A target ontology is an ontology in whi
hthere may be equivalent terms to the annotated sour
e ontology terms, and therefore, may be alignedto the sour
e ontology. Finally, the top-level ontology is the one that will support the alignmentbetween the �rst two ontologies. After this identi�
ation, the asso
iation between the top-level andthe domain (sour
e and target) ontologies are previously and manually done, as a previous step for thesour
e-target alignment. A detailed des
ription of this top-level asso
iation is provided in Se
tion 5.2.It is worth to mention that more than one target ontology 
an be used and previously prepared forthe alignment. Later on, the target ontology is a user's 
hoi
e for the sour
e-target alignment. It isalso important to emphasize that the top-level ontology is a user's 
hoi
e as well: any foundationalontology 
an be used within the approa
h.Semi-automati
 annotation: In this step, a target (or set of target) genome sequen
e(s) is(are)previously and automati
ally annotated, through the identi�
ation of similar sequen
es, whi
h areretrieved from sequen
e databases su
h as the GOA (Gene Ontology Annotation) Database [Barrellet al. 2009℄. For ea
h similar sequen
e found, the 
orresponding genome annotations are 
opied tothe lo
al database, and later on 
omplemented or 
urated manually by the annotator. This step
orresponds to the way genome annotation is performed nowadays. It provides the main input to theproposed alignment approa
h, whi
h is a sele
ted set of sour
e ontology terms.The OBOAEA alignment approa
h is organized in the following steps:(1) Identi�
ation of sour
e ontology terms: On
e the annotations re
orded in the lo
al annota-tion database are available, a dire
t a

ess to this database is su�
ient to retrieve the set of termsof the sour
e ontology whi
h are of interest for the annotator. These terms (with no dupli
ations)are the main input to the next step.(2) Sour
e ontology fragment extra
tion: Aiming at alignment pro
essing time redu
tion, a setof sour
e ontology fragments is extra
ted. OBO ontologies are usually large ontologies. The GO,for instan
e, has more than 29.000 terms. An alignment pro
ess involving it implies in high 
osts,if it is 
omputable. Therefore, in our approa
h, we re
ommend the sour
e ontology fragmentationas a way of redu
ing the 
ost and enabling the alignment. For ea
h sour
e ontology term identi�edin the previous step, a sour
e ontology fragment is generated, whi
h in
ludes the term itself andthe other terms and properties stru
turally 
lose to it.(3) Ontology 
leaning and name treatment: The set of ontology fragments is then submitted tosome 
leaning and transformation pro
edures. Alternatively, this step 
ould be performed withthe original 
omplete sour
e ontology, during the preparation step. However, it is re
ommendedas part of the alignment proposal, as it is mu
h faster when applied to the ontology fragments.OBO ontologies usually 
ome with extra information, su
h as metadata (e.g. de�nitions, sour
edatasets, external resour
es, et
.), whi
h are not used by the traditional alignment te
hniques.Journal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



8 · Vivian S. Silva et. al.The metadata removal may redu
e the size of ontologies in 65%. Another ne
essary pro
edure isthe name treatment. OBO ontologies use numeri
 identi�ers as the name of the ontology 
lasses(terms). For instan
e, in the GO, the names of the 
lasses are similar to GO_XXXXXXX, whereea
h X 
orresponds to a 0-9 digit. Usually, in OBO ontologies, alphanumeri
 terms are registeredas labels asso
iated to their 
orresponding 
lass. Therefore, in order to fa
ilitate the synta
ti

omparison, ontology 
lass names need to be 
onverted to their 
orresponding labels.(4) Ontology alignment: On
e sour
e and target ontologies are prepared, the alignment is thenapplied. In this step, the OBOAEA adopts NOM (Naïve Ontology Mapping), whi
h is usedby the FOAM tool. Originally, FOAM uses many similarity measures, as des
ribed in [Ehrig2007℄. However, as OBO ontologies present spe
i�
 
hara
teristi
s, su
h as a redu
ed numberof properties and no instan
es (individuals), some of these measures were ex
luded in OBOAEAapproa
h: extensional similarity, domain and s
ope similarity, and 
on
ept similarity. This way,the following measures are used: equality, synta
ti
 similarity, obje
t equality, multi similarity,label similarity and taxonomi
 similarity. In addition, this step also takes into a

ount previousalignments, whi
h serve as referen
e to validate 
orre
t alignments, and also to dis
ard in
orre
talignments, avoiding that these ones are repeatedly presented to user validation in the next step.It is worth to mention that in this step, the alignment 
ounts on the top-level ontologies asso
iatedto the sour
e fragment ontologies and to the target ontologies.(5) Equivalent terms presentation: Alignment results are then presented for the user examination.Only a sele
ted set of pairs (sour
e ontology term, target ontology term) are presented to theuser, dis
arding those pairs in whi
h the sour
e ontology term is not among the annotated terms(sele
ted in the terms identi�
ation step).The following step is the �nal step, whi
h 
ompletes the OBOAEA approa
h. It provides sugges-tions of new annotations to the annotation environment. Then, the annotator may pro
eed with theannotation enri
hment based on the results of the alignment pro
ess.(6) Validation: After examining 
arefully ea
h pair of terms, the annotator, who is a domain ex-pert, validates ea
h one by tagging it as 
orre
t or in
orre
t. At this point, the annotator maythen 
hoose whi
h terms on the target ontology may enri
h the original annotation, providing amore detailed des
ription to the �nal annotation. Thus, the enri
hed annotation (�nal annota-tion) is 
omposed of three items: the semi-automati
 annotation des
ription, the sour
e ontologyautomati
 annotated term, and the suggested target ontology term.Figure 3 shows a s
hema with the OBOAEA approa
h, des
ribed previously, using the GO as thesour
e ontology and the INOH Event (IEV) ontology as the target ontology.5.2 Top-level and domain ontologies asso
iationTo establish the relationship among top-level ontologies and domain ontologies, a manual pro
edureis re
ommended as the most adequate one [ [Mika et al. 2004℄ ; [Fallahi et al. 2008℄; [Damjanovi¢ et al.2007℄; [Probst 2006℄℄, be
ause a high level of expertise on the domain is required in order to 
orre
tlyinterpret ea
h domain element within the 
ontext of the top-level ontology. There is not a known wayof doing that without human intervention. Therefore, in the preparation step we re
ommend a manualasso
iation to be performed between the domain ontologies and the top-level sele
ted ontology.A

ording to [Probst 2006℄, the best approa
h to do this kind of asso
iation is to align the mostspe
i�
 
on
epts of the top-level ontology with the most general 
on
epts of the domain ontology. Forea
h �rst level 
on
ept at the domain ontology, a top-level spe
i�
 
on
ept is asso
iated. Consequently,the domain 
on
ept sub
lasses (sub
on
epts) inherit from the top-level 
on
ept asso
iated to it. The
ost of doing su
h manual alignment approa
h is rather small, as there are usually a redu
ed numberof 
on
epts at the �rst level of a domain ontology.Journal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



An Approa
h for the Alignment of Biomedi
al Ontologies based on Foundational Ontologies · 9

Fig. 3. Proposed approa
h for biomedi
al ontology alignment within the genome annotation pro
essThus, the result is a unique integrated ontology, 
omposed by the domain ontology and some of themeta-
ategories of a top-level ontology. The advantage of su
h asso
iation is that the resulting ontology
an be used in the alignment pro
ess, either as a sour
e or target ontology, automati
ally bene�tingfrom the additional information brought by the meta-
ategories. This information is espe
ially usefulfor the taxonomi
 similarity measure [Ehrig 2007℄, as it be
omes possible to 
ompare upper level
on
epts in the hierar
hy, when a 
andidate pair of 
on
epts is under analysis. Brie�y, the taxonomi
similarity measure re
ursively 
ompares all the super
lasses of the 
lasses under 
omparison. Giventhat the top 
on
epts be
ome super
lasses of the domain 
lasses, they also be
ome part of the featuresset used in those 
lasses 
omparison. Using FOAM, whi
h already in
ludes su
h measure, it is possibleto perform a ri
her alignment. However, to rea
h the best results, both sour
e and target ontologiesmust be asso
iated to the same top-level ontology.6. EXPERIMENTTo validate the approa
h to verify if we 
an obtain a larger number of alignments 
onsidered valid bythe annotator, the following experiment was performed. The experiment was divided into two stagesto enable the 
omparison among the results originally obtained with a general purpose alignment toolwith those obtained using the pro
ess adapted to the 
hara
teristi
s of OBO ontologies. In additionto the foundational ontology, only a subset of sele
ted similarity measures was used, as des
ribed inSe
tion 5.1. In the �rst stage, the alignment between GO and other OBO ontology was 
arried outusing only the FOAM tool, and in the se
ond stage the same tool was used, but it was modi�ed toin
lude only the sele
ted similarity measures, 
ounting also with the aid of a foundation ontology, asdes
ribed in Se
tion 5.2.In both stages we used the following parameters: fully automati
 alignment, number of iterationsequals to 10 and 
uto� value (i.e., minimum value of similarity for the pair of entities to be 
onsideredequivalent) equals to 0.95. In both 
ases, GO was divided into sli
es, ea
h one aligned with the se
ondontology, thus generating subsets of partial results. These subsets were then 
onsolidated, eliminatingdupli
ates and generating for ea
h step a single list of pairs of terms 
onsidered equivalent. Therefore,we obtained two sets of results, ea
h one 
on
erning to a step of the experiment. The results of ea
hpart were then submitted to the validation of an expert able to assess whether the returned pairsof terms were indeed equivalent. This resulted in a quantitative 
omparison whi
h allowed assessingobje
tively whether the features introdu
ed in the alignment pro
ess improved the results. The mainJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



10 · Vivian S. Silva et. al.steps followed in the experiment are des
ribed below:Preparation: The �rst step was 
hoosing the ontologies to be aligned. The GO was 
hosen asthe sour
e ontology. That was a natural 
hoi
e be
ause most of the genomi
 resear
h that adoptsontology-based annotation uses GO for this purpose. As target ontology, INOH Event proved to be thebest option sin
e there was already a manual alignment between this ontology and GO. This alignmentis derived from a list of 800 GO terms used in the sequen
ing of the organism T. rangeli, 
ondu
tedby a resear
h group at Instituto Oswaldo Cruz [Wagner 2006℄. Among these 800 terms, we noti
edthat 26 had verbal 
oin
iden
e with terms in INOH Event. The identi�
ation of this overlappingarea between the sour
e and target ontologies helped to delimit the 
ontext of the experiment. Withrespe
t to the foundational ontology, the most popular ones were taken into a

ount: Cy
 [Matuszeket al. 2006℄, SUMO [Pease et al. 2002℄, BFO [Grenon et al. 2004℄, DOLCE [Gangemi et al. 2002℄,Sowa's Ontology [Sowa 1999℄ and UFO [Guizzardi and Wagner 2004℄. Cy
 and SUMO were dis
ardedbe
ause they are very large ontologies, whi
h would di�
ult the manual asso
iation between them andthe domain ontologies. Sowa's Ontology and UFO, although being well founded 
on
eptual models,don't have an OWL representation, whi
h is required for the physi
al integration between domain andtop-ontologies, as des
ribed in Se
tion 5.2. DOLCE and BFO were good 
andidates, and BFO was
hosen be
ause it has already been developed within the biomedi
al �eld to guide the developmentof new ontologies. This fa
t 
ould simplify the asso
iation between top and domain 
on
epts task,sin
e the former has already been developed spe
i�
ally to 
ategorize biologi
al 
on
epts. On
e wehave de�ned the foundational ontology to be used, we 
ould establish the asso
iation among the mostspe
i�
 
on
epts of this ontology with the most general terms of Biologi
al Pro
ess (from the GO) andINOH Event, as des
ribed in Se
tion 5.2. Dis
arding the root 
lass ("biologi
al pro
ess" in GO and"Event" in INOH Event) at the �rst level of the two ontologies, there are 21 
lasses at the se
ond levelof Biologi
al Pro
ess, whi
h 
orrespond to the most general terms of this ontology. In INOH Event,there are only two 
lasses at the se
ond level, so we 
hose to use the 
lasses at the third level, totalizing6 most general 
on
epts for this ontology. This asso
iation was made with the aid of a biologist, andthe results are presented in Tables II and III. On
e su
h asso
iation was established, the Biologi
alPro
ess and INOH Event ontologies were edited to in
orporate the foundational ontology as part oftheir hierar
hies.
Sele
tion of terms, extra
tion of fragments, 
leaning and treatment: The fragmentationwas based on the list of 26 terms mentioned above. Among them, 25 terms belong to the Biologi
alPro
ess bran
h of GO, and only one was part of the Mole
ular Fun
tion bran
h. As the INOH Eventalso refers to biologi
al pro
esses, we de
ided to work only with the Biologi
al Pro
ess bran
h, andthen 25 small ontologies were generated, all of them having an overlapping area with INOH Event.For the stages of 
leaning and treatment we developed small appli
ations to automate these tasks.Alignment: After the 
leaning and treatment phase, the �rst part of the experiment was doneusing only FOAM, with no further resour
es. Alignments between INOH Event and ea
h of the25 fragments extra
ted from GO were 
arried out. In these alignments, 57 pairs of terms were
onsidered equivalents. In the se
ond part, the adapted version of FOAM (
onsidering the sele
tedset of measures) and the foundational ontology BFO were used to perform alignments between GO andINOH Event. FOAM 
al
ulates the similarity between a pair of terms using a rule for ea
h similaritymeasure, so, for taking into a

ount only the 
hosen measures, the tool was modi�ed to apply onlythe rules of interest, disabling the other ones. For adding the foundational ontology to the alignmentpro
ess, no modi�
ations were needed in FOAM, but rather in the domain ontologies, as des
ribedin Se
tion 5.2. In this part of the experiment, we obtained 64 pairs of terms 
onsidered equivalent,dis
arding the asso
iations involving terms of the BFO ontology.Journal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.
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iation between GO (Biologi
al Pro
ess) and BFO 
on
eptsGene Ontology (Biologi
al Pro
ess) BFO Con
epts
Generi
allyDepen
dentContinuant

Quality Disposition Fun
tion Role FiatObje
tPart Obje
t Obje
tAggregate Obje
tBoundary Site ZeroDimensionalR
egion

OneDimensionalR
egion

TwoDimensionalR
egion

ThreeDimensiona
lRegion

FiatPro
essPart Pro
ess Pro
essAggregate Pro
essBoundary Pro
essualContex
t

SpatiotemporalIn
stant

SpatiotemporalIn
terval

S
atteredSpatiote
mporalRegion

TemporalInstant TemporalInterval S
atteredTempor
alRegion

Biologi
al pro
essanatomi
al stru
ture formation xbiologi
al adhesion xbiologi
al regulation x
ell killing x
ellular pro
ess xdeath xdevelopmental pro
ess xestablishment of lo
alization xgrowth ximmune system pro
ess xlo
alization xlo
omotion xmetaboli
 pro
ess xmulti-organism pro
ess xmulti
ellular organismal pro
ess xpigmentation xreprodu
tion xreprodu
tive pro
ess xresponse to stimulus xrhythmi
 pro
ess xviral reprodu
tion xTable III. Asso
iation between INOH Event and BFO 
on
eptsINOH Event BFO Con
epts
Generi
allyDepen
dentContinuant

Quality Disposition Fun
tion Role FiatObje
tPart Obje
t Obje
tAggregate Obje
tBoundary Site ZeroDimensionalR
egion

OneDimensionalR
egion

TwoDimensionalR
egion

ThreeDimensiona
lRegion

FiatPro
essPart Pro
ess Pro
essAggregate Pro
essBoundary Pro
essualContex
t

SpatiotemporalIn
stant

SpatiotemporalIn
terval

S
atteredSpatiote
mporalRegion

TemporalInstant TemporalInterval S
atteredTempor
alRegion

EventBiologi
al eventCellular event xMole
ular event xOrganism event xPhysiologi
al event xEnvironmental eventMedium 
ondition xTreatment xValidation and analysis of results: The two results sets obtained in the previous step wereanalyzed and validated by a biologist with expertise in the genome sequen
ing and annotation area.Table IV presents the validation results for the two parts of the experiment: on the left side ofthe 
olumn "Results" (Part 1), we present the results with respe
t to the 57 pairs of terms and onthe right one (Part 2), the results with respe
t to the 64 pairs obtained with the appli
ation of ourapproa
h.If we just fo
us on 
orre
t (rating of 5) and in
orre
t (rating of 0) results, we note that for the57 pairs of terms 
onsidered equivalent by FOAM without additional resour
es, 47are in
orre
t. InJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



12 · Vivian S. Silva et. al. Table IV. Experiment validation resultsClassi�
ation ResultsPart 1 Part 2Rating Meaning Amount Per
entage Amount Per
entage5 
orre
t 27 47% 27 42%4 strong relationship 8 14% 12 19%3 average relationship 7 12% 7 11%2 weak relationship 2 4% 1 2%1 insigni�
ant relationship 8 14% 9 14%0 in
orre
t 5 9% 8 13%Total 57 100% 64 100%Table V. Experiment validation results 
onsidering a 
uto� value equal to 0.97Classi�
ation ResultsPart 1 Part 2Rating Meaning Amount Per
entage Amount Per
entage5 
orre
t 27 50% 27 64%4 strong relationship 8 15% 8 19%3 average relationship 6 11% 2 5%2 weak relationship 2 4% 0 0%1 insigni�
ant relationship 7 13% 4 10%0 in
orre
t 4 7% 1 2%Total 54 100% 42 100%our approa
h, for the 64 pairs of terms returned, 42% are 
orre
t and 13% are in
orre
t, showing ade
rease of 5% a

ura
y rate and an in
rease of 4% in error rate. These results 
orrespond to the setof alignments whose 
uto� was established as 0.95, as previously des
ribed. This means that all pairsof terms returned have the similarity value higher than 0.95.Analyzing these similarity values, we note that there is a greater variation in the values of these
ond part of the experiment 
ompared to values obtained in the �rst part. If we in
rease the 
uto�value and 
onsider pairs of terms with a similarity value greater than or equal to 0.97, in the �rst partwe dis
ard 3 of 57 pairs and in the se
ond we dis
ard 22 of 64 pairs. The validation results for thissubset of pairs obtained from the use of a higher 
uto� value are listed in Table V.In Table V we 
an see that, using a 
uto� value of 0.97, using FOAM we obtained 50% of 
orre
tpairs and 7% in
orre
t pairs. Using our approa
h, 64% of the aligned pairs were 
orre
t, while 2% weretotally in
orre
t. As we 
an see in Table V, with the new 
uto� value we have an in
rease (about 14%)of the per
entage of 
orre
t alignment and a de
rease (about 5%) of in
orre
t alignment. In addition,we also note a 4% in
rease in pairs where the terms have strong relationship, whi
h may also help theannotation pro
ess, and a de
rease in the per
entage of 
ouples who have weaker relationships, whi
h
ould represent only noise data.We 
an 
on
lude from this analysis that although our approa
h returns a greater number of errors,these in
orre
t alignments have a lower similarity value and 
an be �ltered using an appropriate
uto� value, whi
h 
an be obtained experimentally. Moreover, without the resour
es o�ered by ourapproa
h, FOAM returns alignments (
orre
t, in
orre
t and related) with very 
lose similarity values,making it di�
ult to �lter out the results.Another point to be emphasized is the gain on new results obtained by the appli
ation of ourJournal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.
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al Ontologies based on Foundational Ontologies · 13Table VI. Gains on new results applying the OBOAEA approa
hClassi�
ation OBOAEA approa
h resultsOld (overlap) NewRating Meaning Amount Per
entage Amount Per
entage5 
orre
t 17 85% 10 45%4 strong relationship 2 10% 6 27%3 average relationship 0 0% 2 9%2 weak relationship 0 0% 0 0%1 insigni�
ant relationship 1 5% 3 14%0 in
orre
t 0 0% 1 5%Total 20 100% 22 100%approa
h. In Table VI, we noti
e that, in the se
ond part of the experiment, 27 pairs were validatedas 
orre
t. Among them, 10 pairs are new results, i.e., pairs that were not found by FOAM in the �rstpart of the trial, but were returned when our approa
h was applied. With respe
t to the 8 pairs wherethe terms have a strong relationship in the se
ond part of the experiment, 6 are new results found byour approa
h. Table VI shows the gain on new results, splitting the results obtained in the se
ondstage of the experiment into two groups: old results (whi
h have overlapped with the �rst stage) andthe new pairs dis
overed by our approa
h.We 
an observe in Table VI that 20 of the 42 pairs of terms returned in the se
ond part of theexperiment have been re
overed in the �rst part by FOAM. Among them, 17 were assessed as 
orre
t,i.e., 85% of the alignments found by both FOAM and our approa
h are 
orre
t. The remaining pairs(22) 
orrespond to the results found ex
lusively by our approa
h and, among them, 10 are totally
orre
t, whi
h represents 45% of useful results for the s
orer among the new results.We also noti
e that, despite the gain of new alignments, some 
orre
t pairs were lost. Table VIshows that FOAM returned 27 pairs 
lassi�ed as 
orre
t in the �rst part of the experiment. Amongthose pairs, 17 were also re
overed by our approa
h. The remaining 10 pairs, despite being assessedas 
orre
t, were not found in the se
ond step. This loss may be due to the tool poli
y 
omparison,asso
iated with stru
tural 
hanges undertaken in the ontologies, as a result of the integration of thefoundational ontology with the hierar
hy of domain ontologies. As FOAM 
ompares all 
lasses ofthe �rst ontology with all 
lasses of the se
ond one, returning a similarity value for ea
h pair, the
omparison among 
lasses of the foundational ontology with the domain ontologies may be impa
tingnegatively on the similarity of neighboring pairs during subsequent iterations.Some additional adjustments in FOAM, su
h as 
omparing 
lasses that belong to the foundationalontology only among themselves, 
ould de
rease the number of 
orre
t alignments that were not foundby our approa
h, avoiding this way 
omparisons between upper and domain 
on
epts, that probablyreturn lower similarity values, introdu
ing noise in the results.7. RELATED WORKA

ording to [Euzenat and Shvaiko 2007℄, foundational ontologies are logi
-based systems, and there-fore the alignment te
hniques that exploit them are based on semanti
s. Thus, their use along withother te
hniques represents an advantage over purely synta
ti
 methods. Nevertheless, there are al-most no reports of systems using this approa
h. So far, the only work we found, developed by [Mas
ardiet al. 2010℄, uses a set of algorithms that exploit upper ontology "semanti
 bridges" in the alignmentpro
ess. These algorithms perform the alignment between two domain ontologies, and between ea
hof them with an upper ontology, 
ombining later the results obtained in both 
ases. This approa
hshows good results, in
reasing the re
all and maintaining a 
omparable a

ura
y, with respe
t to thedire
t alignment of the two ontologies (without the mediation of the foundational ontology). However,the fa
t that a fully automati
 pro
ess was used in
reases the likelihood of in
orre
t asso
iations.Journal of Information and Data Management, Vol. 1, No. 3, O
tober 2010.



14 · Vivian S. Silva et. al.The main di�eren
e between this work and the proposed approa
h is that the �rst one initiallyexe
utes alignments between foundational and domain ontologies, whi
h returns good results onlywhen the top ontology has also domain spe
i�
 
on
epts (this is the 
ase of Cy
 and SUMO), andthe se
ond one performs alignments only between domain ontologies, integrating the top 
on
epts intheir hierar
hies, enabling the use of totally domain independent foundational ontologies.Another type of related work held more often is the alignment of domain ontologies with foundationalontologies, i.e., the 
ombination of 
on
epts from one ontology to higher level 
ategories to solveproblems of 
on
eptual ambiguity and semanti
 heterogeneity. [Mika et al. 2004℄ and [Fallahi et al.2008℄ perform the alignment of Web Servi
es des
ription ontologies with the foundational ontologyDOLCE, in order to remove ambiguities, in
reasing the pre
ision of servi
e dis
overy. Although theauthors 
all it alignment, the tasks des
ribed in these works resemble what we 
alled asso
iationbetween top and domain 
on
epts, performed in the preparation step, before the a
tual ontologyalignment.8. CONCLUSIONCurrently, a large number of biomedi
al ontologies has been developed, providing a 
omprehensivevo
abulary for the task of annotation. The Gene Ontology is the most important example, being themost (and often the only one) used in this pro
ess. The purpose of our work is to fa
ilitate the use ofdi�erent and multiple biomedi
al ontologies in the genome annotation pro
ess.By 
oming up with an ontology alignment approa
h for the biomedi
al area, it be
omes possible,from a term used in the GO annotation and re
overed automati
ally, to identify equivalent terms inother biomedi
al ontologies, enabling the annotator to 
hoose whi
h among them has a more detaileddes
ription, making it the most appropriate des
riptor for annotation.Performing a 
omparative experiment, between the results returned by the exe
ution of FOAM(with no additional resour
es), and those returned by the appli
ation of the OBOAEA approa
h,both assessed by a �eld professional, it was shown that the approa
h, in 
onjun
tion with a higher
uto� value, provided greater a

ura
y in the results, leading to a 145% de
rease in error rate.Besides the improvement in the results obtained, another important 
ontribution is the introdu
tionof foundational ontologies in the alignment pro
ess, helping to in
rease the in�uen
e of semanti
 fa
torsin this task, further expanding the universe of information to be explored during the alignment.Future work in
ludes performing further experiments, involving di�erent sets of domain and founda-tional ontologies and a larger number of biologists validating the alignments to reinfor
e the obtainedresults. Important questions also to be taken into a

ount are improvements in the use of the foun-dational ontology, su
h as a wider 
on
ept mapping in
luding not only 
lasses in the highest level ofthe domain ontologies, but also in intermediary levels, and the addition of external resour
es in thealignment pro
ess, like genome textual information from the Web.ACKNOWLEDGMENTThe authors would like to thank spe
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