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Abstract the resulting ontology, possibly after reused ontologies have
suffered some changes, such as, extension, specialization or
adaptation. In an integration process one can identify in the
resulting ontology regions that were taken from the integrated
ontologies. Knowledge in those regions was left more or less
unchanged.
ontology integration process, we identify the activ- A lot of resgarch work has_ been conducted under the merge
o hg){ h gld b P ; ’d T thi d area. There is a clear definition of the merge pro¢&ssva,
g'es t.ba S ouh delper ormef In r|1$ proc?ss an 2000, operations to perform merge have been propdbiey
escribe a methodology to perform the ontology In- and Musen, 1999; Wiederhold, 1994 methodology is avail-
tegration process. able[Gangemiet al., 1999 and several ontologies have been
built by merging several ontologies into a single one that
1 Introduction and motivation unifies all of the reused ontologidSwartoutet al., 1997;
Gangemiet al., 1999. The first tools to help in the merge

Ontolqgies aim at capturing static domain knowledge in aprocess are now availab[®loy and Musen, 2000; McGui-
generic way and provide a commonly agreed upon undergeSsetal 2000 ' '

standing of that domain, which may be reused and share
across applications and groujshandrasekarat al., 1999. The most representative ontology building methodologies

Therefore, one can define an ontology as a shared SpeCiﬁC"[‘Uschold and King, 1995: Gruninger, 1996; Fandezt al

e e gh 094 recogrize raton a patof the oology Cevelo:
P gy ' ent process, but none really addresses integration. Integra-

different reuse process¢Bintoet al., 1999: (1) merge and tion is only recognized as a difficult problem to be solved
(2) integration. Merge is the process of building an ontology The don"?even% ree on what inte rpation is: for some it ié
in one subject reusing two or more different ontologies onthatan gctivit for othgrs it is a ste W% have béen involved in
subjec(Pintoet al., 1999. In a merge process the source on- two integ)r/z’ation experiences wh%re publicly available ontolo-
tologies are unified into a single one, so it usually is difficult _. ) . X

to identify regions in the resulting ontology that were takenJ'€S Were reused: we built the Reference ontolbspirez-

from the merged ontologies and that were left more or les Yegaet al., 2000; Pinto and Martins, 2000; Pinto, 1999a;

unchanged. It should be stressed that in a merge process thzrpwez-Vegaet al., 1999 and we were involved in build-

source ontologies are truly different ontologies and not sim-'rggnigp;gﬁ;gﬁ;ggg}?'O%E;(g;i?gg irﬁ% F\)/quyr?ir?sn ggggon
ple revisions, improvements or variations of the same ontol- 9y , '

ogy. Integration is the process of building an ontology in onefggg’ 1999a; Amaya, 1998/direz-Rtez and Rojas-Amaya,
subject reusing one or more ontologies in different subfects ' h found that i ion is lex th
[Pintoet al., 1999. In an integration process source ontolo- Xg?ougl\;/ehicr)#en | tltaitslra;[%gr:)agcleosg '(‘:’f I"f[‘; ?v({ilt??nﬁgmlpgggé- an
Wegated, combined, assembled together, to forE[lnto and Martins, 2040 In this article we characterize inte-
"This work was partially supported by INICT grantNo. PRAXIS gration, we identify the activities that should be performed in
XXI/BD/11202/97 (Sub-Programa @icia e Tecnologia do Se- thjs process and we characterize those activities. We describe

g””ldo Quadro Comurtio de Apoio). _ . the methodology that we developed to perform the activities
In some cases, knowledge from the merged ontologies is hofhat form this process.
aqy

mogenized and altered through the influence of one source ontolo

on another (is spite of the fact that the source ontologies do influence

the knowledge represented in the resulting ontology). In othercase® Terminol ogy and asgjmptions

the knowledge from one particular source ontology is scattered and

mingled with the knowledge that comes from the other sources.  Ontology building is a process that follows an evolving proto-
2The subjects of the different ontologies may be related. typing life cycle. The usually acceptsthges through which

Although ontology reuse is an important research
issue only one of its subprocesses (merge) is fairly
well understood. The time has come to change the
current state of affairs with the other reuse subpro-
cess: integration. In this paper we characterize the

In the integration area a similar effort is now beginning.



an ontology is built aré: specification, conceptualization, 3.1 Main findings
formalization, implementation, and maintenance. At eac
stage there aractivities to be performed. Besides the activi-
ties ofspecification, in which one identifies the purpose (why
is the ontology being built?) and scope (what are its intendecgI
uses and end-users?) of the ontologynceptualization, in
which one describes, at a conceptual level, the ontology th
should be built so that it meets the specification found in
the previous stefdprmalization, in which one transforms the
conceptual description into a formal modathplementation

hThe main conclusion is that integration is a process that takes
place along the entire ontology building life cycle, rather than
step or an activity, as previous ontology building method-
ogies proposefPinto, 1999a; Pinto and Martins, 2000

¢ As any process, integration is composed of several activi-
ies. We have identified the activities that should take place
along the ontology building life cycle to perform integration.
Since the development of an ontology follows an evolving

in which one implements the formalized ontology in a for- prototyping “f? cycle, integration activities can t.ake place for
mal knowledge representation language, mahtenance, in one ontology in any stage of the ontology building process.

which one updates and corrects the implemented ontology;. Another important conclusion is that integration should be-
that should be performed at each homonymous stage, ther%n as early as possible in the ontology building life cycle so
e et St st (o gpces s smpsanc,
one acquires knowledge about the domain either by using: ! ' L ’ .
elicitation techniques on domain experts or by referring to"'" begganl_ast_early ashthiftﬁongemua“??;lon pth?se- Since in
relevant bibliographydocumentation, in which one reports ~ ¢0Nnceptualization much ot the design of the ontology IS spec-

in a document and along the implementation, what was dondfi€d, it is considerably more difficult to try to integrate an
how it was done and why it was dorietegration, in which ontology at the implementation phase because, unless one has
one reuses other ontologies as much as possiblevafih- prior knowledge of the ontologies available for reuse, avail-
tion, in which one technically judges the ontology. able ontologies will rarely match the needs and the concep-
For us, an ontology consists of: classes, instances, relat_ual model found for the resulting ontology. One of the con-

tions, functions and axioms. Generically, we refer the unionS€duences of this conclusion is that more integration effort

of classes and instances @scepts. Each one of the con- should be made at the earliest stages, specially in conceptual-

stituents of an ontology is genericélly referred to dm@wi- ization and formalization, than at final ones, implementation

edge piece. Each knowledge piece is associated with a name,0 r mamtenanc{aPlntq anq Martins, 2000

a documentation and a definition. At the conceptualization phase, one uses knowledge level
Newell, 1983 representations of ontologies. Usually, the

The aim of the conceptualization phase is to describe i . . :
a conceptual model the ontology that should be built. We nowledge level representation of an ontology is not publicly

assume that. in this phase arfiy ontoloay building brocess available (only implemented ontologies are available at ontol-
questions Iiké P Y 9y gp ogy libraries). If the knowledge level representation of an on-

tology is not available, then an ontological reengineering pro-
e what should be represented in the ontology? cesgBlazquezt al., 1999 can be applied to get the concep-
) . tual model of an implemented ontology. This process returns
» how should it be represented (as a class, relation, etc.)%ne possibléconceptual model of an implemented ontology.
« which relation should be used to structure knowledge in"/N€n one begins integration as early as conceptualization,
the ontology? one negds the ontologlgs that are going to be considered for
integration represented in an adequate form. Any conceptual
¢ which structure is the ontology going to have (graph, model representation is adequate. An important point to be
tree, etc.)? stressed out from all of our experiences is the fact that we had
. . . . accessto knowledge level representations of most reused on-
e which ontological commitments and assumptlonstologies as proposed by METHONTOLOG[Ferrdndezet

should the ontology comply to? al., 1997. In the case of (KA3 [Benjamins and Fensel, 1998;
e which knowledge representation ontology should beBenjaminstal., 1999 (to build the Reference ontology) and
used? ChemicaldGomez-Rrezet al., 1996; Ferahdezt al., 1999
o ) (to build the Monoatomic lons subontology of EPO) we had
e should the ontology be divided in modules? access to the actual conceptual models that produced their

Ontolingua versions, but, in the case of EPO a reengineering
process was appliddGomez-Rrez and Rojas-Amaya, 19p9
are answered. to produce one conceptual model of Standard UlGsuber
and Olsen, 199¢ However, any knowledge level represen-
tation would be appropriate. Moreover, due to the particular
3 TheProcess framework that was used, OD[Ferrdndezet al., 1999, all
In th's. sectlor_l we pr(_asent the mpst .|mp0rtant conclusions “It should be stressed that this process may not produce the ac-
about integration and its characterization. tual conceptual model that originated the final ontology. Moreover,
- @ if the conceptual model found for the ontology after the reverse en-
*We use the terminology proposed [iRerrendezet al., 1999 gineering step shows some deficiencies, it may be improved through
since it is the most consensual in the field. a restructuring step.

¢ in which modules should the ontology be divided?



of our work was done at the knowledge level. This simplified Identify candidate ontologies that could be used as
the overall process of integration a lot. modulesThis is subdivided into: (1finding available ontolo-

We would also like to point out that in both cases there waggies, and (2)choosing from the available ontologies which
no need to translate ontologies between different knowledgenes are possible candidates to be integrated. To find pos-
representation languages. Translation of ontologies is in itsel§ible ontologies one uses ontology sources. Since available
a very important and difficult problem to be solved in order ontologies are mainly implemented ones one should look for
to allow more generalized reuse of ontologies. As discussethem in ontology libraries, as for instance, in the Ontolingua
in [Uscholdet al., 1998; Rus&t al., 1999, translation is far ~ Servef for ontologies written in Ontolingua, in Ontosaufus

from being a fully automatic process in the near future. [Swartoutet al., 1997 for ontologies implemented in Loom
[MacGregor, 1990a or in the Cyc Servérfor Cyc’s upper-
3.2 Integration activities level ontology. Conceptualized or formalized ontologies are

fnore difficult to find. Sometimes they are available in the lit-

We are going to describe the most important activities tha t be obtained b tacti ol build
compose the ontology integration process. All integration acSraturé or can be obtained by contacting ontology buliders.

tivities assume that the ontology building activities are alsol9WeVer, not every ontology in a given subject will be appro-

performed, that is, the integration process does not substitufdate to be reused. Some may lack some Important concepts,
the ontology building process, it rather is a part of it. etc. Therefore, from the available ontologies, one must chose

| dentify the possibility of integration The framework be- those that satisfy a series of requirements. In the next section

ing used to build the ontology should allow some kind of W€ discuss in detail how this choice is performed.
knowledge reuse. For instance, the Ontolingua Sefwar- Get candidate ontologiesin an adequate form This in-
quharet al., 1996 maintains an ontology library and allows cludes, not only, its knowledge level or implementation level
integration operations, such as inclusion or restriction. More'&Presentations, but also, all availableocumentation. As al-
general systems, such as KACTUS do not allow such kind of€ady discussed, one should prefer to work with the knowl-
operations, but allow pre-existent ontologies to be importecdge level representation of an ontology, if available. In some
and edited. In other cases, integration (or any kind of reuse§ases, this representation can be found in the literature (tech-
may involve rebuilding an ontology in a framework differ- nical repor_ts_,_bo_oks, thesis, etc.), or at least parts of it. A_n-
ent from the one where the ontology is available. In somePther possibility is contact ontology developers. However, in
cases, this may be cost-effective, in others it may be mordnost cases, only the implementation level representation of
cost-effective to build a new ontology from scratch that per-an ontology is available, or is more easily available. There-
fectly meets present needs and purposes than to try to rebuif@re. thereengineering processmay be applied using the par-
and adapt a pre-existent ontology. ticular framework that was adopted_ to de5|_gn the resu_ltlng
| dentify the modules in which the ontology can be di- ontology. If the ontology is not available (either at the im-
vided into The modules (building blocks) needed to build Plémentation or knowledge level), one can still try to recon-
the future ontology are identified, that is, in which subon-Struct it, or, at least, parts of it, using available documenta-
tologies should the future ontology be divided (in integration,tion. While getting the implementation level representation
the modules are obviously related to ontologies). Upper-levePf an ontology, if the ontology is not written in the adequate
modules and domain modules have to be identified. language (the language that was chosen to represent the re-
| dentify the assumptionsand ontological commitments sulting ontology) a knowledgeanslation process must take

that each module should comply to The assumptions and place. There are only a few translation attempts. In general,
ontological commitmentiGruber, 199bare described in the there are not many translators available, their technology is

conceptual model and in the specification requirements docStill immature and improving existing translators is a rather
ument of the future ontology. This is one of the activities difficult task. In [Uscholdet al., 199§ the translation was

where documentation of an ontology can be crucial to allowdone by hand and the conclusion was that this process is far

better, faster and easier reuse. The assumptions and ontfoM being a fully automatic process in the near future. Au-
logical commitments of the building blocks should be com- (OMatic translators are still at draft lev@tusset al., 1999,
patible among themselves and should be compatible with th1€refore a lot of human intervention is needed to improve

assumptions and ontological commitments found for the reontology translated versions. If translators are available they

sulting ontology. should be used to produce initial versions. Then, these ini-

I dentify what knowledge should be represented in each tial vers_ions should be improved by hand._ Translators be-
module At this stage, one is only trying to have an idea of Ween different knowledge level representation languages are
what the modules that are going to compose the future ontolCUrently not available. The transiation process is, in gen-
ogy should “look like” in order to recognize whether available €&/, complex. It is important that, if the ontology includes
ontologies are adequate to be reused. At this stage one onfiner ontologies, one should also get the included ontolo-
identifies a list of essential concepts. The conceptualmodel

of the ontology and abstraction capabilities are used to pros_hould that knowledge be represe_nted, which relations should orga-
duce such lisf. nize (structure) the ontology, and it would be helpful to know how it

should be represented (concept, relation, etc.).
SRepresentation ontologies are chosen in any ontology building ’htt p: / / WA KSL- SVC. st anf or d. edu: 5915
process. Therefore, they are not specifically addressed here. http://ww. isi.edu/isd/ontosaurus. htni
®At later stages one will need to know to what level of detail ~ °htt p: //wwv. cyc. com



gies. When reusing/using one ontology one must understand ,denﬁfyvimeg,aﬁm : T .demifyimwledge
it fully, which includes every definition of every knowledge possibilly gentiy moduies ont. coramitments (0 be represented
piece represented in the ontology (directly or indirectly). In- T = —
cluded ontologies are a hidden part of the ontology. Knowl- ety sandate
edge pieces from the included ontologies can be used in the
definitions of the ontology, therefore, in order to understand
the ontology and know what is meant by one knowledge piece Gma‘gmdme
that comes from an included ontology one must have access ontologies
to it and its definition or its technical documentation. (e, ncering)
Study and analysisof candidate ontologies This includes ‘
two important activities: (1jechnical evaluation of the can- Sty e
didate ontologies byomain expertsthrough specialized cri- ontologies
teria oriented to integration and (2)user assessment of the
candidate ontologies bgntologists through specialized cri- !
teriaoriented to integration. The specialized criteria used in Choose most adequale
integration oriented evaluation and assessment enhance the source oniologies
possible problems that a particular ontology may have in a I
particular integration process. They allow ontologists and do- Apoly mtegration
main experts to identify and be aware of those problems. In operations
the next section we discuss the criteria to be used. l
Choosing the most adequate source ontologies to be rnatyze
reused At this stage, and given the study and analysis of resuling ontology

candidate ontologies performed by domain experts and on- |
tologists, the final choices must be made. Among the chosen
candidate ontologies that were technically evaluated and user
assessed for integration one has to choose the ontology (or set
of ontologies) that best suit our needs and purpose, or that can
more easily or better be adapted to them. The ontology(iesapplication of integration operations so that the resulting on-
chosen to be reused may lack knowledge, may require thablogy has an adequate design and is of quality. In the next
some knowledge is removed, etc., that is, it(they) may not exsection we discuss the integration operations that were found
actly be what is needed. The best candidate ontology is th@seful in our integration experiences and the design criteria
one that can best (more closely) or more easily (using lesshat guided their application.
operations) be adapted to become the needed ontology. This Analyze resulting ontology After integration of knowl-
choice also depends to some extent on the other ontologiesdge one should evaluate and analyze the resulting ontology.
that are going to be reused since in an integration process or®esides the usual criteria involved in evaluation of any on-
can reuse more than one ontology. It is important that reusetblogy [Gomez-Rftezet al., 1995 and the features that any
ontologies are compatible among themselves, namely in whabdntology with an adequate design should comply @ru-
concerns the overall coherence. Sometimes, one can chooder, 199% one should pay attention to specialized criteria
more than one ontology in a given subject if each one focuseshat specifically analyzes whether the resulting ontology has
different points of view of that subject. In the next section we enough quality. They are discussed in the next section.
go into the details of this choice. ) )

Integrate knowledge All these activities precede integra- 3-3 Discussion
tion of knowledge from the integrated ontology into the re-In Figure 1 we present the activities that compose the on-
sulting ontology. They help the ontologist to analyze, com-tology integration process. Although ontology building and
pare, and choose the ontologies that are going to be reusedonsequently ontology integration follows an evolving pro-
When this part of the process ends, that is the appropriateotyping life cycle, some order must be followed. In gen-
ontologies to be reused in one particular integration processral, the activities that compose the integration process tend
are found, we must integrate the knowledge of those ontoloto be performed following the order by which they were pre-
gies. For that, one needsegration operations andintegra- sented. However, some of the activities (and subactivities) to
tion oriented design criteria. Integration operations specify be performed before applying integration operations are inter-
how knowledge from an integrated ontology is going to bechangeable and some may be even performed in parallel. For
included and combined with knowledge in the resulting on-instance, integration-oriented technical evaluation and user
tology, or modified before its inclusion. These can be viewedassessment of candidate ontologies. Moreover, the auxiliary
as composing, combining, modifying or assembling opera-subprocesses, reengineering and translation, may not occur
tions. Knowledge from integrated ontologies can be, amongn a particular integration process. If we find an ontology that
other things, (1) used as it is, (2) adapted (or modified), (3)matches the whole ontology that one needs to build, then one
specialized (leading to a more specific ontology on the sameloes not need to apply integration operations or analyze the
domain) or (4) augmented (either by more general knowledgeesulting ontology. However, finding candidate ontologies,
or by knowledge at the same level). Design criteria guide theheir evaluation and assessment for integration purposes, and

Figure 1: The integration process



to maintenance activities making it necessary (or desirable) to
reapply the integration process.

Effort

4 A Methodology

In this section we present the methods, procedures and guide-
lines that we developed to perform the activities that form this
process. They form a methodology to perform integration.

saes 4,1 Choosing candidate ontologies

Speciication H Concepwa"zaﬂonﬂ F H [ To choose candidate ontologies one analyzes a series of fea-

tures?® At this stage of the ontology integration process one
is not going to be very particular, fussy, about the ontology,
since one does not want to leave out any possible candidate.
Therefore, only a very general analysis is made. Some of
those features amrict requirements:

Figure 2: Integration effort along the ontology building pro-
cess

the choice of the most adequate one remain essential activi- 1. domain

ties to be performed. Finally, one can go back from any stage 2. is the ontology available?

in the process to any other stage as entailed by the kind of life 3 formalism paradigms in which the ontology is available
cycle. The important issue is that these activities are present ] ] ) -

in any integration process, although sometimes not explicitly 4- Main assumptions and ontological commitments

or with different levels of importance and effort. 5. main concepts represented

_ Al activities, in particular those that precede applica- ¢ o oniology does not have adequate values for these prop-
gg? ?r]: ?;ﬁ%;atiﬁgnggﬁgi“gﬂsﬁ f:ﬁ#gﬂ;;%gfggmeesd t?\;fiesr'erties they cannot be considered for integration. Therefore,
bef)ére implergentation (some methodologies jt?mp, directlf/these properties are gsed to ehmma_te ont_olog|es..Other fea-
from conceptualization to implementation). However, if in- tures aredesirablerequirementsor desirable information:
tegration begins later in the ontology development life cycle, 1. where is the ontology available?

they still have to be performed. In both our integration ex- 5 4t what level is the ontology available?

periences the framework that we used, ODE, automatically . o . .
generated the implemented versions of the resulting ontolo- 3- What kind of documentation is available (technical re-
gies. Therefore, we performed all integration activities dur-  POTrts, articles, etc.)?

ing conceptualization and formalization stages. Using other 4. where is that documentation available?

frameworks may extend the process a bit. If the frameworﬁf fh ties h i | th ol :
being used does not generate the implementation of the re. S0Me Of tN€ properties have certain values, the ontology 1S

sulting ontology from the conceptual representations, aftef* bettterl canc_;lldate:_l |fb;cheﬂI§nOV\t/Le_3dge tle?/el re_presber::atlon of
performing all activities at the knowledge level, the imple- &1 Ontology 1S avaiiable, then this ontology IS a betler can-

mented versions of the chosen ontologies must be obtaineﬂidate since the reengineering process would not have to be

and then one must apply the already determined sequence rformed, if the internal and external documentation is avail-
integration operations in order to build the implemented ver2 le, then the most relevant information about the construc-

sion of the resulting ontology. In this case, only two activities 10N @nd choices made during the construction of the ontol-

. : : ; i ilable, but if only articles are available about the
(get ontologies and apply integration operations) had to b&9Y IS avanabie, bu !
performed at the implementation level. This particular pro-2Ntology, theniitis likely that some of the choices are not ex-

cess falls into a typical evolving prototyping life cycle. plained. If all of the values of these properties are unknown,

One important aspect of integration is the fact that this pro-m]%n\fvr;]ee?:tt?llg%ﬁmluonm:ﬁ datﬁzngéiit;gggt:ghlfiggigﬁlgglgt
cessis included in the overall ontology building process. The 9y ’

relation between the integration process and the overall ontolon® cannot reuse i, therefore, the ontology is not a candi-
ogy building process is shown in Figure 2. In the case thatadate' However, if there is enough documentation available,

ontology adequate to be reused is not found one must buil hniglggT/a})s/ gsgf;‘cﬁ;bIfhtgnr?tcfnnf;rggtg,gesggfg'?ogﬂ’n%ne?;mg
gqfert?]rgdiﬁgzticei; using one of the available ontology building it, provided that the domain is common enough and the on-

. , I tology is simple and not very large (and possibly after some
The integration effort grows from specification and con- 9y P y large ( P y

N o ) . : knowledge acquisition).
ceptualization to formalization where it reaches its maximum. g d )

It beains to decr durina implementation. It should b One can use a very simple metric to combine these dif-
egins o decrease during Impiementation. 1t should b&g o ny featyres. If strict requirements do not have adequate
noted that in our particular case, due to the particular frame;

work that was used the integration effort during implementa-values’ the ontology is eliminated. If desirable requirements

tion was null. The integration effort is not null during mainte-  *®Here we only describe the most important features involved in
nance since integrated ontologies may themselves change dtigs choice. They are all organized into a taxonomy.



have appropriate values, then the ontology is a better candi- e the relation used to structure knowledgé the ontol-
date. If not, they are a worse candidate. If none of the desir-  ogy to assess whether it is the required one;

able requirements have appropriate values, then the ontology , e naming convention rules used to assess whether they
is not a candidate. One does not want to eliminate any pos- o556 and promote reuse;

sible candidate at this stage of the integration process, only ) T "
those that are of no use at all. o the quality of the definitions (do they follow unified pat-

If, in a particular integration process, other features should ~ terns, are simple, clear, concise, consistent, complete,
be taken into consideration while choosing candidate ontolo- ~ correct —lexically and syntactically—, precise and ac-
gies, the metrics can be easily updated to take into account ~ curate);
those new features. One only has to decide whether they are o the quality of the documentation of the ontology,
strict or desirable requirements The advantage of the flexibil-
ity of this metric is the fact that it can be better adapted to ones that should be represented and all appropriate
integration processes that should take into account particular /= 22 > P tod. ot Pprop
features during the choice of one ontology. In particular, this nowledge pieces are represented, etc.
kind of changes can narrow down the possible ontologies to Both domain experts and ontologists should evaluate and
choose from, if one introduces more strict requirements. Foassess all and the whole of possible candidate ontologies. In
instance, one can impose the condition that only already evallPinto and Martins, 2000a detailed discussion about the sets
uated ontologies should be considered as candidates. In thaf integration oriented evaluation and assessment criteria can
case, one should add this feature as a strict requirement. e found.
one only wishes to prefer already evaluated ontologies, then . .
this feature should be added as a desirable requirement. 4.3  Choosing source ontologies
. . . Choosing sourceontologiesis a rather complex multi-criteria
4.2 Study and analysis of candidate ontologies choice v%here a lot oc;gdifferent aspects a?re involved. It is a
To technically evaluate candidate ontologies the domain ex-  much more complex choice than choosing candidate ontolo-
perts should analyze the ontology paying special attention t@jies. For this reason, we propose that the task of choosing
[Pinto, 1999a; Pinto and Martins, 2000 source ontologies should be divided i stages.

e what knowledge is missing (concepts, classification cri-

o the knowledge pieces represented (or included) are the

teri lati First stage

eria, refations, etc), In thefirst stage one tries to find which candidate ontologies

» what knowledge should be removed, are best suited to be integrated. Domain expert and ontologist
¢ which knowledge should be relocated, analyses are crucial in this process. We propose that candi-

0date ontologies should be analyzed according to a taxonomy

¢ which knowledge sources changes should be performe bf features, Figure 3.

» which documentation changes should be performed, General features give general information about the ontol-
¢ which terminology changes should be performed, ogy. ltis importa_mt that the o_ntology is of an adequate type,
e which definition changes should be made, (general or domain). Depending on théormality [Uschold

) ) and Gruninger, 19960f the resulting ontology one may inte-
- which practices changes ShOUId be made. _ grate different kinds of ontologie®evelopment status gives
Since domain experts usually find the languages used to iminformation about the degree of readiness of an ontology to be

plement ontologies difficult to understahBerréndezet al., reused (intended, on-going, toy example, implemented, ma-
1994, they should preferably be given a knowledge level rep-ture). A toy example will only have representative knowledge
resentation of the ontology. pieces represented. An implemented ontology can be a good

To user assess candidate ontologies the ontologists should  candidate provided that it has been carefully built or it has
analyze the ontology paying special attention [@into, been evaluated. A mature ontology used in applications is a
1999a; Pinto and Martins, 2000 good candidate. This ontology should be a more or less sta-

« the overall structure of the ontology (one hierarchy, ble ontology (provided that the domain does not evolve very

several hierarchies, a graph, etc.) to assess whethéapidly).
the ontology has an adequate (and preferably well- Development features are related to how the ontology was
balanced) structure, adequate and enough modules, aduilt. The quality of knowledge sources and adequacy of
equate and enough specialization of concepts, adequatgowledge acquisition practices are analyzed during the do-
and enough diversity, similar concepts are represente@nain expert integration-driven technical evaluation. It is im-
closer whereas less similar concepts are represented fuportant that the ontology isaintained. One interesting find-
ther apart, knowledge is correctly “placed” in the struc- ing about ontologies is the fact that they evolve, are “liv-
ture so that inheritance mechanisms can infer appropriing”, since their domains also evolve. Therefore, if they are
ate know|edge from the Ont0|ogy, etc; maintained, it is most Ilker that they are updated. If they
are maintained, it is important to know how maintenance is

¢ the distinctions (classification criteria made of the Con'performed. Maintenance policies differ who changes the

cepts described in the ontology) upon which the ontol-

ogy is built to assess whether they are relevant and ex- **An ontology can be thought of as structured or organized ac-
actly the ones (quantity and quality) required,; cording to one privileged relation, for example, ISA, part-of, etc.



* general not be sure of the possibility of full translation between dif-

— generality ferent knowledge representation systems. For instance, while
— formality translating an ontology represented in first order logic into a
— development status pure frame system, if axioms are represented, they are lost.
« development Therefore, one needs to know, among other issues:

— knowledge acquisition o formalism paradigm (frames, semantic networks, de-

% quality of knowledge sources scription logics, etc.),

* adequacy of knowledge acquisition practices ¢ which inference mechanisms are needed (general pur-
— maintenance pose, automated concept classifigtacGregor, 1990k

* is it maintained? inheritancet? monotonic vs modal vs nonmonotonic),

* who does maintenance?
x how is maintenance done?
— documentation
% quality of the documentation available
% is the available documentation complete?
— implementation
* language issues
- language(s) in which it is available
- translators: are there translators? for which lan-

e whethercontexts are required.

Content features give information about what is repre-
sented in the ontology and how that knowledge is represented.
One needs to know whether the ontology has an adequate
level of detail, that is, enough intermediate concepts are rep-
resented between two arbitrary concepts. One also needs to
knowwhich concepts are represented in which modules.

Under the featuredequacy from the domain expert point

. of view several analyses are made: does the content of the
guages? quality of those translators : :
_ . .. ... ontology include most of the relevant knowledge pieces of
- properties needed of the KR system in which it is R X S
built the domain? is the terminology adequate? are the definitions
adopted correct and widely accepted? is the ontology com-

e content plete in relation to present needs (at least, one needs to know
— level of detail what important knowledge pieces are missing)? is there su-
— modularity perfluous knowledge that should be removed from the ontol-
— adequacy from the domain expert point of view ogy while integrating it?
— adequacy from the ontologist point of view Under the featuredequacy from the ontologist point of

view several analyses are made: are the basic distinctions rep-
Figure 3: Features for choosing source ontologies, first stagéeSented in the ontology appropriate? does the ontology have
an adequate structure? is the ontology structured according
to appropriate relations? are needed knowledge pieces repre-
sented (this covers issues like "are the appropriate relations
represented?”, “are certain key concepts represented?”)? are

rized personnel?) anidbw those changes are performed (is h knowled . d | d (thi
the ontology changed regardless of people that built it, usénoSe knowledge pieces adequately represented (this covers
issues like fidelity, minimal encoding bias, correction, coher-

it or reuse it? are the suggestions of change previously dis ; X 3 ! .
: &mee, granularity, conciseness, efficiency in terms of time and

a consensus between those groups? is there a special boatgce)? do they follow adequate naming convention rules?
that decides upon suggestions for changes?). It is importarf2h Missing knowledge pieces be added to the ontology with-
that thedocumentation has enouglauality (it is clear, it ad- out sac;nﬂcmg coherence and clarity (this covers issues like
equately describes the domain, the ontology, the alternativg)(tehnd'ble)? |sdthe ontology_cleﬁr? o aved by th
representations of that ontology and which alternatives were | N Preponderant parts in this choice are played by the
preferred) and isomplete (the ontology is completely de- adequacy analysgs that doma!n experts and ontologists have
scribed). made of the candidate ontologies.

The language in which the ontology is represented is a Since this choice is rather cqmplex, S|mp!e metrics as the
rather important issue. If the ontology is available in the°NeS proposed to choose candidate ontologies are rather lim-

required language the task is greatly simplified. Although!t€d: The development of accurate metrics is an important
translation of ontologies is an important activity in integra- °P€" research area in the OE field. .

tion, the overall effort of building the ontology can be con- __After the first stage, one has chosen one possible set of on-
siderably lessened if we avoid it. Therefore, it is important to'0/0gi€s to be integrated. It may be possible to have more than
know in whichlanguages the ontology is available, whether one ontology abput one particular domain in that set. Those
trandlatorsfrom those languages are availatite,whichlan-  different ontologies represent knowledge about the same do-
guages? those translators are available and theiality. It main from different perspectives. Those different perspec-

is also important to know whicheasoning capabilitiesare  12yyhich kind? defeasible, strict, mixed:; credulous vs skeptical;
system where it is implemented, in order to know whether the - 13t js important to know if we are not reusing an ontology that is
ontology can be represented under a different knowledge reprot going to meet our needs and the means that we currently have at
resentation system. Even if translators are available, one mayur disposal.

ontology (can anybody change the ontology, or only autho



* content The problem of choosing the appropriate set of source on-

— completeness tologies is also rather complex. From the set of candidate on-

— compatibility tologies, a coherent and adequate subset must be found that
* terminology of common concepts is as close as possible to the resulting ontology. Once again,
x definitions of common concepts the ontologies in that set may not be perfect candidates. As

long as the changes to be made are not very extensive it is
Figure 4: Features for choosing source ontologies, seconthore cost effective to reuse the ontology. This analysis has to
stage be performed on a case by case basis. If it is more cost effec-

tive to build the ontology from scratch, then existing ontology

building methodologies can be used to build an ontology that
tives should have been found important to be present in th@erfectly suits our needs. If not, ontologies should be reused
resulting ontology (there should not be duplicated knowledgeand integration operations applied so that adequate changes
represented in the resulting ontology). However, the chosef#fansform the ontologies into perfect candidates.

ontologies may not be compatible among themselves. The result of this activity is a set of ontologies that can and
should be assembled together, a description of lacking knowl-
Second stage edge that is going to be built from scratch and included in the

In the second stage one tackles compatibility and complete- resulting ontology (since none of the chosen ontologies has

ness of possibly chosen ontologies in relation to the desiredt and that knowledge has been identified as essential know!-

resulting ontology, Figure 4. edge that must exist in the resulting ontology) and a descrip-
If the ontologies which are possibly going to be chosen totion of the changes that should be performed to the integrated

be integrated are not coherent in what concerns the terminolntologies so that they can be perfect candidates and success-

ogy used and the definitions of the concepts that are commofully reused (which is the starting point for the application of

to more than one ontology, then they are carnpatibleand,  the integration operations).

therefore, cannot be assembled. Sometimes the same concept ]

is named differently in different ontologies. In the resulting 4.4 Integration of knowledge

ontology one concept only has one denomination, thereforerg integrate knowledge one needs integration operations and
one must be adopted. If one concept has the same definitioglesign criteria to guide their application. Sometimes the
in all chosen ontologies but different denominations, then agdaptation of source ontologies may require restructuring ac-
change in terminology can solve the problem. All definitions tivities similar to those that are performed in reengineering
involving the renamed concept have to be checked and reprocesses. Moreover, it may require introduction/removal
vised accordingly. Sometimes different ontologies adopt dif-of knowledge pieces, correction and improvement of the
ferent definitions for the same concept. One cannot have thigefinitions, terminology and documentation of the knowl-
kind of inconsistencies in the resulting Ont0|ogy. One deﬂni'edge pieces represented in the 0nto|ogy, etc. These adap_
tion should be chosen and adopted all over. It is more diffi-tations transform the chosen ontology (whole of it) into the
cult to ensure that the same definition can be adopted by aleeded ontology. IfFarquharet al., 1997; Borst, 1997;
integrated ontologies. A thorough analysis of all ontologiespinto and Martins, 2000; Pinto, 1999mitial sets of inte-
where one particular concept has a different definition ffomgration operations are proposeihtegration operations can
the adopted one has to be made. It is obvious that only a cope divided into two groups: basic and non-basic. While the
herent set of ontologies should be considered for integratiofiormer operations can be algebraically specified the latter can
purposes. be defined from the former but are custom-tailored operations
If chosen ontologies are nobmplete, that is, they do not  to be defined in a case by case basis. We have developed an
comprehend all the ontology that has to be built, then thisalgebraic specification of 39 basic integration operations and
piece of information must be known so that missing knowl- specified how 12 non-basic operations can be defined from
edge pieces are built from scratch and added or another comhe previous ones. They are describedfinto, 1999 We
patible ontology that contains those knowledge pieces is inteidentified a set otriteria to guide integration of knowledge:
grated. modularize, specialize, diversify each hierarchy, minimize
So, although the problem of lack of completeness has to béhe semantic distance between sibling concepts, maximize re-
known, it is not as problematic as lack of coherence. Sincdationships between taxonomies and standardize names of re-
one of the issues involved in the domain expert analysis idations. They are described in detail [Arpirez-Vegaet al.,
missing knowledge, one can check whether it is not repre-1994.
sented in another ontology about the same domain that is
also (or can also be) integrated. However, if chosen ontolo4.5 Analysisof resulting ontology

gies are not compatible among themselves, then this mayim-l-0 analyze the resulting ontology one uses a set of fea-

my gggg%g?e%nnottor;grizgsiﬁ'g% Sd?:fggg?tsoé?gc'ﬁ?t tr’%'acoimb'ln'tures. Besides having an adequate design according to the
bu%ldin ontoloa fg tch (if tth d'dyt py_set of features proposed ifGruber, 1995* and compli-

ng gies from scratch (if none of the candidate on-, o yith evaluation criteridGomez-Rirez et al., 1995;
tologies adopts the adequate terminology and definitions, or
profound changes have to be made to them in order to inte- *4Clarity, coherence, extendibility, minimal encoding bias and
grate them). minimal ontological commitment.



Gomez-Rrez, 1996; 1999° one should pay attention to to Select Ontologies. IRProceedings of ECAI98's Work-
whether the ontology hasragular level of detail all over. shop on Application of Ontologies and Problem Solving
By regular level of detail we mean that there are no "islands” Methods, pages 16-24, 1998.

of exaggerated level of detail and other parts with an adequa

rpirez-Vegaet al., 2004 J. Arpirez-Vega, A. Gomez-
one. It should be stressed that none of the parts should ha\tfé Perez, A. Lozano-Tello. and H. Sofia Pinto. Reference On-

less level of detail than the required one or else the ontology .
would be useless, since it would not have sufficient knowl- tology and (ONTOJAgent: the Ontology Yellow Pages.

edge represented. It should also be noted that the other fea- Knowledgeand Information Systems, 2(4):387-412, 2000.
tures involved in evaluation and design criteria are analyzedBenjamins and Fensel, 19p&Richard Benjamins and Di-
in relation to the resulting ontology, for instance, the resulting  eter Fensel. The Ontological Engineering Initiative (RA)
ontology should be consistent and coherent all over (although In Nicola Guarino, editorfformal Ontology in Information
composed by knowledge from different ontologies). Systems, pages 287-301. 10S Press, 1998.

: [Benjaminset al., 1999 Richard Benjamins, Dieter Fensel,
5 Conclusions Stefan Decker, and Asuran’ Gdmez-Rtez. (KAY:
In this article we presented the characterization of the on- Building Ontologies for the Internet, a Mid Term Re-
tology integration process. The activities that compose this port. International Journal of Human Computer Sudies,
process are described. The most important activities that 51:687-712, 1999.

form this process include: finding and choosing candidate _ . . . .
ontologies, integration oriented evaluation and assessmei'?lazqueﬁa!" 1999 M. Blazquez, Mariano Feamdez,
g g J. M. Garca-Pinar, and Asunoii Gomez-Rérez. Building

of candidate ontologies, choosing adequate source ontolo- . .
gies to be integratedg, application gf integration operations to  Ontologies at the Knowledge Level Using the Ontology
integrate knowledge and analysis of the resulting ontology. D€Sign Environment. ' IProceedings of the Knowledge
We describe the methods developed to perform these activi- AAcduisition WWorkshop, KAWS8, 1998.
ties. They proyide support and guidance to the act_ivities tha[Borst, 1997 Pim Borst. Construction of Engineering On-
compose the integration process. They form an integration tologies for Knowledge Sharing and Reuse. PhD thesis,
methodology. Tweente University, 1997.

The advantages of the proposed integration methodolog
are a direct consequence of its generality. One of the advari/Chandrasekaram al., 1999 B. Chandrasekaran, J.R.
tages of our integration methodology is the fact thatai Josephson, and V. Richard Benjamins. Ontolog[es: What
be used with different methodol ogiesto build ontol ogies from are they? Why do we need thertZEE Expert (Intelligent
scratch. The only assumption made by this methodology is ~ Systemsand Their Applications), 14(1):20-26, 1999.

that knowledge should be represented at the knowledge levejrarquhaet al., 1994 Adam Farquhar, Richard Fikes, and
~ Special emphasis is given to theality of the ontologies James Rice. The Ontolingua Server: A Tool for Collabora-
involved in a particular integration process. There are tWo tjye Ontology Construction. IRroceedingsof the Knowl-

cases in what regards the ontologies that are reused: (1) they gjge Acquisition Workshop, KAM96, 1996.
are available at ontology libraries and were built by others

or (2) they were built by us. Our methodology proposes thafFarquhaet al., 1997 Adam Farquhar, Richard Fikes, and
all reused ontologies should be evaluated by domain experts James Rice. Tools for Assembling Modular Ontologies
from a technical point of view and assessed by ontologists in Ontolingua. INAAAI97 Proceedings, pages 436—441.
(more precisely by the ontologists that are going to play the AAAIl Press, 1997.
ro!e of integra?ors) from a user point of view. Integ(atiqn- Ferrdndezt al. 1997 Mariano Ferandez, Asundn
oriented technical evalua_tlon and user assessment criteria as- Gomez-Rtez, and N. Juristo. METHONTOLOGY:
ts)ure that reused ontologies have enough technical quality 1o g4 Ontological Art Towards Ontological Engineering.
e used in the process. The analysis of the resulting ontology In Proceedings of AAAI97 Spring Symposium Series,

assures that the resulting ontology has enough quality to be : ; ; —
made available and (re)used. \l/\é)g;%op on Ontological Engineering, pages 33-40,
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