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Abstract

With the proliferation of ontologies and their use in sentily-enabled applications,
the issue of finding and repairing defects in ontologies feoime increasingly im-
portant. Current work mostly targets debugging semanfieade in ontologies. In our
work, we focus on another kind of severe defects, modelifigad® which require do-
main knowledge to detect and resolve. In particular, we gdgha missing structural
relations (is-a hierarchy) in a fundamental kind of ontdésgi.e. taxonomies. The con-
text of our study is an ontology network consisting of sev&a@onomies networked
by partial reference alignments. We use the ontology nétwsrdomain knowledge
to detect the missing is-a relations in these ontologies aMfe propose algorithms to
generate possible repairing actions, rank missing is&iogls, recommend and exe-
cute repairing actions. Further, we discuss an implemesysigm RepOSE and exper-
iments on ontologies of the Ontology Alignment Evaluatiaitiative and the Finnish
Ontology Library Service.

Keywords: Ontologies, Ontology engineering, Ontology debugging

This is a preprint of an article published in Data and Knowledge Engineering
86:179-205, 2013. http://dx.doi.org/10.1016/j.datakd2.3.03.003

1. Introduction

Developing ontologies is not an easy task and often thetreguntologies are not
consistent or complete. Such ontologies, although oftefulisalso lead to problems
when used in semantically-enabled applications. Wronglosiuns may be derived
or valid conclusions may be missed. Semantically-enabpgtiaations require high-
quality ontologies and mappings. A key step towards thielaudging, i.e., detecting
and repairing defects in, the ontologies and their aligntm#rhas been realized that
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this is an important issue and ontology debugging is culrezstablishing itself as a
sub-field of ontology engineering with the first workshop @dgging ontologies and
ontology mappings having been held in 2012 [40].

Defects in ontologies can take different forms (e.g. [33yntactic defects are
usually easy to find and to resolve. Defects regarding stydkudle such things as
unintended redundancy. More interesting and severe dedeetthe modeling defects
which require domain knowledge to detect and resolve, antheéc defects such as
unsatisfiable concepts and inconsistent ontologies. Mosk wp to date has focused
on detecting and repairing the semantic defects in an apydle.g. [35, 34, 33, 54]).
Recent work has also started looking at repairing semaefiects in a set of mapped
ontologies [30, 29] or the mappings between ontologies Hedvas [44, 63, 52]. In
this work we tackle the problem of repairing modeling defemtd in particular, the
repairing of the is-a structure of ontologies.

In addition to its importance for the correct modeling of adn, the structural in-
formation in ontologies is also important in semanticadhyabled applications. For in-
stance, the is-a structure is used in ontology-based seatthnnotation. In ontology-
based search, queries are refined and expanded by movind dpwn the hierarchy of
concepts. Incomplete structure in ontologies influencestiality of the search results.
As an example, suppose we want to find articles in the MeSH idaé8ubject Head-
ings [45], controlled vocabulary of the National Library Medicine, US) Database
of PubMed [51] using the terrBcleral Diseaseth MeSH. By default the query will
follow the hierarchy of MeSH and include more specific termsdearching, such as
Scleritis If the relation betweeBcleral DiseaseandScleritisis missing in MeSH, we
will miss 738 articles in the search result, which is abo @S the original result. The
structural information is also important information intology engineering research.
For instance, most current ontology alignment systems tugetsre-based strategies
to find mappings between the terms in different ontologies. (@verview in [41]) and
the modeling defects in the structure of the ontologies lzavenmportant influence on
the quality of the ontology alignment results [1].

As the ontologies grow in size, it is difficult to ensure thereotness and complete-
ness of the structure of the ontologies. Some structuratiosls may be missing or
some existing or derivable relations may be unintendede®ielg and resolving these
defects requires, in contrast to semantic defects, the uderoain knowledge. One
interesting kind of domain knowledge is the other ontolegaed information about
connections between these ontologies. For instance, taeof the Anatomy track in
the 2008 and 2009 Ontology Alignment Evaluation Initiaf@AEI) two ontologies,
Adult Mouse Anatomy Dictionary [3] (MA, 2744 concepts) afetNCI Thesaurus
anatomy [46] (NCI-A, 3304 concepts), and a partial refeeealignment (PRA, a set
of correct mappings between the terms of the ontologiegpating 988 mappings are
given. Using one ontology and the mappings as domain kn@eléor the other on-
tology (and vice versa), it was shown in [38] that at least k24 relations in MA and
83 in NCI-A are missing and should be repaired. This is notr@@ommon case. It is
well-known that people that are not expert in knowledge esentation often misuse
and confuse equivalence, is-a and part-of (e.g. [10]), whéads to problems in the
structure of the ontologies.

Once the missing is-a relations are found, the structurdh@fantology can be
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Figure 1: A part of MA concerning the concgpint.

repaired by adding the missing is-a relations themselvesthis is not always the
most interesting solution for a domain expert. For instafigure 1 shows a part of
MA regarding the concepbint (is-a relations shown with arrows). Using NCI-A and
the PRA as domain knowledge, 7 missing is-a relations anedfotihe ontology could
be repaired by adding these missing is-a relations themselowever, for the missing
is-a relation Wrist joint is-ajoint”, knowing that there is an is-a relation betweenst
joint andlimb joint, a domain expert will most likely prefer to add the is-a riglat
“limb joint is-ajoint” instead. This is correct from a modeling perspective ad asl
more informative and would lead to the fact that the misséng felation betweewnrist
joint andjoint can be derived. In this particular case, usitignb joint is-ajoint” would
actually also lead to the repairing of the other 6 missing tislations, as well as others
that were not found before (e.ghdnd jointis-ajoint”). In general, such a decision
should be made by domain experts.

In this paper, we deal with detecting and repairing the mgs$$-a structure in
ontologies in the context of domain knowledge represenyeth® ontology network.
Assuming that the existing is-a relations in the ontologiess correct, as well as the
mappings in the PRAs, we use them as domain knowledge totdbtemissing is-a
relations in these ontologies. We also develop algorittorgenerate and recommend
possible ways of repairing, which are relevant for domajpegts, as well as algorithms
to rank missing is-a relations and execute the repairinghEr) we develop the system
RepOSE Repir of OntologicalStructureEnvironment), which allows a domain expert
to debug the missing is-a structure of ontologies in a sartoraatic way.

Before we introduce our work, we note that the 'is-a relatisnstill not well-
understood and/or used. For instance, in [6], an analydisksf in semantic networks,
different kinds of is-a were identified including set/s gy generalization/specialization
(based on predicates), 'a kind of’, and conceptual contaitnfrelated to lambda-
abstraction). In [31] the authors argue for four kinds ofisgenus-subsumption,
determinable-subsumption, specification and speci@izaFor the genus-subsumption
the classes in the is-a relation have monadic qualities bghwthey can be character-
ized (e.g. classification of trees). Determinable-subgionmeals with qualities and
characterization is based on similarity relations to othelities (e.g. scarlet is-a red).
Specification covers things such as 'careful painting’ Ipanting’ while specializa-
tion covers 'house painting’ is-a 'painting’. In this caseiltiple inheritance does not



make sense for all kinds of is-a relations and in many infaionasystems the different
kinds are mixed. The latter is also addressed in [19] whezeatithor discusses the
problem of is-a overloading. Based on the notions of idgniigidity and dependence,
it is shown that not all is-a relations in existing ontolagimake sense. These difficul-
ties are not always recognized by ontology builders, whilaes may decide to use one
kind of is-a relation. For instance, the Relation Ontolog§][for OBO defined the is-a
relation for OBO ontologies, but is now superseded by RO {®8]hich no more defi-
nition for is-a is given, but instead the subclass constwfi@WL is used. The work in
this paper is based on logic and we assume that the is-aorelatreflexive, antisym-
metric and transitive. The detection and repairing of migs$s$-a relations in our work
is based on logical reasoning on the ontologies and theirs?R3ur debugging tool
does not take into account different kinds of is-a relatimstead, it provides support
for detecting and repairing missing structure that lodyctallows from decisions that
were made by the developers of the ontologies and the PRAs.

The remainder of this paper is organized as follows. In $ack we present the
theory for our debugging approach. The overview of the whpstecess is given in
Section 3. Section 4 introduces the algorithms for the dieteprocess, while Section
5 explains the algorithms for the repairing process whigblives generating repairing
actions, ranking missing is-a relations, recommendingexeduting repairing actions.
Our system RepOSE and its use are described in Section BieFuste describe exper-
iments in Section 7 and discuss lessons learned and adeardad limitations of our
approach in Section 8. Related work is presented in Sectammd3he paper concludes
in Section 10.

2. Theory

Our approach for debugging missing is-a relations in anlogyonetwork contains
two parts, i.e. detecting and repairing. The former death thie identification of the
missing is-a relations in the networked ontologies, whike latter deals with repairing
the structure of the ontologies.

2.1. Preliminaries

The setting that we study is the case where the ontologiededireed using named
concepts and subsumption axioms. Most ontologies corttércase and many of the
most well-known and used ontologies, e.g. in the life s@snare covered by this
setting.

Definition 1. An ontologyO is represented by a tuplg, Z) with C its set of named
concepts and C C x C a representation of its is-a structure.

A PRA between two ontologies contains a set of correct maygpbetween the
concepts of different ontologies. In this paper we consaiprivalent(=), subsumed-
by (—) and subsumeg«) mappings: We assume that concepts can participate in
multiple mappings.

1We note that for a PRA betweefl; and O;, there is a corresponding PRA betwe@n andO;, such
that there is a mappingrc; in the former iff there is a corresponding mappir}g*'lci in the latter, where



Definition 2. A Partial Reference Alignment (PRA) betweer®; and O, is repre-
sented by a se®;; of pairs representing is-a relations, such that for each piag in
the PRA withe; a concept inO; andc; a concept inO; : ¢; — c¢; is represented by
(ciycj) inPij; ¢ — cj is represented byc;, ¢;); and ¢; = ¢; is represented by both
(Ci, Cj) and (Cj, Ci).

An ontology network contains ontologies and PRAs betwedologies. The do-
main knowledge of an ontology network is represented bindaced ontology

Definition 3. An ontology network A is a tuple (O, P) with O = {O}}7_, where
O = (Cx,Zk), the set of the ontologies in the network (called the neteidntolo-
gies) andP = {P;;}7';_,.,~; the set of representations for the PRAs between these
ontologies. Further, thénduced ontology O for A is an ontologyOy = (Cn,Zn)
suchthaCy = Uy_,Cr andIy = Up_ 7, U Uz j=1,i<; Pij-

In the remainder of the paper we assume that the sets of naomeepts for the
different ontologies in the network are disjoint.

2.2. Theory for detecting

Given an ontology network, assuming that all existing iglations in the ontolo-
gies are correct, we use the domain knowledge of the ontatetyyork to detect the
missing is-a relations in these networked ontologies. Rmheontology in the net-
work, the set of missing is-a relations derivable from theotogy network consists of
is-a relations between two concepts of the ontology, wharh kee inferred using log-
ical derivation from the induced ontology of the networkf bat from the networked
ontology alone.

Definition 4. Given an ontology network/ = (O,P) whereO = {O;}}_, and
O = (Ck,Zy). Then, the set afissing is-a relations for the networked ontology
O, derivable from the ontology network N, denoted byM,,, is the set of is-a rela-
tions{(a,b) € C;, x Cx| On = a — b A Oy = a — b}. Further, the set ofissing
is-a relations for the networked ontologies O derivable from the ontology network
N, denoted byM y, is the set of is-a relations}_, M.

As an example, consider the ontology network in Figure 2.ohtains two on-
tologies with their is-a hierarchies (marked by the solibas), which are related via
3 mappings with equivalence relations (marked by the datihed). According to
the definition above, there are two missing is-a relationg/akele from the network,
(ankle_jointy, jointy) in ontology 1 and ankle_joints, limb_joints) in ontology 2
(marked by the dashed arrows). Domain experts may arguesonag is-a relations,
such as(knee_jointy, joint;) and (hip_joints, limb_joints), are also missing is-a
relations. However, these cannot be found using logicabaléon within the network

r~1 denotes the inverse relation of The inverse relation foequivalentis equivalent andsubsumesnd
subsumed-bgire each other’s inverse relation.



and are thus not missing is-a relatiaerivablefrom the network as defined in Def-
inition 4. From now on in this paper, whenever missing islatrens are mentioned,
we mean the missing is-a relations derivable from the ndtwarless explicitly stated
otherwise?

Ontology 1

Figure 2: An example ontology network.

2.3. Theory for repairing

Our goal for repairing is to repair the original ontologigsddding a set of is-a
relations, called a&tructural repair, to each ontology such that the missing is-a rela-
tions can be derived from the ontology extended with the peaslded is-a relations.
Therefore, the structural repair only contains is-a retaibetween concepts within the
same ontology. The elements in a structural repair areccadfgairing actions

Definition 5. Let My = UZ_, M, be the set of missing is-a relations for an ontology
network\ = (O, P) whereO = {O}}_,, Ok = (Cx, Zx) and M, the set of missing
is-a relations forO,, derivable from/\. Then, astructural repair for the networked
ontology Oy, with respect taM,, denoted byR,, is a set of is-a relations such that
Ri C Cr x Ci, and for each missing is-a relatiof, b) € My, (Cx,Zr URE) = a —

b. Further, astructural repair for the networked ontologies O with respect taoM y,
denoted byR v, is a set of is-a relations such th&y = U}_,; Ry, whereR; is a
structural repair forO,, with respect taM.

An immediate consequence of the definition is that, for thevorked ontologies,
the set of missing is-a relations is in itself a structurglaie Another consequence is
that adding is-a relations between concepts of any singldagy in the network to a
structural repair for the networked ontologies also coutss a structural repair.

As mentioned in Section 1, not all structural repairs areafigquseful or interest-
ing for a domain expert. Therefore, we define a number of kéasiand preference
relations between structural repairs for the networkedlogies.

Not all repairing actions are always needed in a structeqaédir. For example, in
the case of Figure 3(ankle_joint,, jointy), (knee_jointy, jointy), (ankle_joints -
limb_joints)} is a structural repair, but repairing actiohnee_jointy, joint, ) is not

2For an overview of the terminology in this paper regarding inig is-a relation’, see Table 19 in the
appendix.



needed for repairing the missing is-a relations. Therefffenkle_joint,, joint,),
(ankle_jointq, limb_joints) } which is also a structural repair, is preferred to
{(ankle_jointy, jointy), (knee_jointy, jointy), (ankle_jointy, limb_joints)}. Fur-
ther, as we saw before in relation to the example in Figurérbay also happen that
several missing is-a relations can be repaired by the saparireg action. For in-
stance, for a network including the ontology in Figure 1, raicttral repair that in-
cludes repairing actioiiimb_joint, joint) would repair both(wrist_joint, joint)
and (knee_joint, joint). Therefore, in a structural repair that includes both the re
pairing actions(limb_joint, joint) and (knee_joint, joint) the latter is redundant
although it does repair a missing is-a relation. The firsfgemce relation that we
define prefers to use structural repairs where every reygaaction is needed within
the structural repair. If a subset of a structural repaitde a structural repair, then the
subset is preferred to its superset.

Definition 6. Given an ontology network/ = (O,P), let Ry and R’y be struc-
tural repairs for the networked ontologi€s with respect toM y, thenR yy is axiom-
preferred to RYy (notationRy <4 RYy) iff Ry C Ry.

The set of missing is-a relations is not always the most éstarg structural re-
pair for the domain expert. For instance, in the case of Ei@Jithe structural repair
{(limb_jointy, jointy), (ankle_joints, limb_joints)} is, for a domain expert, a more
preferred way to repair the ontologies than the structeyzair{ (ankle_joint,, joint,),
(ankle_jointsy, limb_joints)} which only contains the missing is-a relations. The for-
mer also repairs the ontologies, is correct according todthreain and is more in-
formative. We define the notion of 'more informative thant fepairing actions as
follows.

Definition 7. Let(x1,y;) and(x2, y2) be two different repairing actions for the same
ontologyO (i.e. z1 # x5 Or y; # y2), then we say thafr;, y;) is moreinformative
than ([L’Q,yz) iff O ’: To — 1 ANY1 — Ya.

This definition implies that ifx1, y1 ) is more informative thaf,, y2), then adding
(z1,y1) to the ontology will also allow us to derivers, y») (and possibly more). In-
deed, wher(z1, %) is added, then we know that in the extended ontology— z;
(from (x1,y;) is more informative thafws, y2)), 1 — y1 (added) and;, — y» (from
(z1,y1) is more informative thafizs, y-)), and thuses — ys.

By using more informative repairing actions, we are abledd more (and some-
times within the network previously unknown) knowledge tar @ntology. For in-
stance, in the case of Figure(Zimb_joint,, joint;) is more informative thatunkle_joint;,
jointy), and by addingimb_joint; — joint;, we have also introducechkle_joint; —
joint, as well asknee_joint; — joint; (which was also missing, but could not be
derived from the network).

Another example is thgthinderlimb_jointa, wrist_joints) is more informative
than(ankle_jointo, limb_joints). Indeed, addinginderlimb_joints — wrist_joints>

SNote that, although this is a possible repairing actiors itat correct according to the domain. See also
our comment immediately after Definition 8.



to the ontology will lead to the derivation ehkle_joints — limb_joints.
Our second preference relation is based on this notion.

Definition 8. Given an ontology network” = (O, P), let Ry and R’y be structural
repairs for the networked ontologiéswith respect toM . ThenR  is information-

preferred to R’y (notationR y <5 Ry) iff 3 (z1,91) € R, (z2,¥2) € Riy: (21,v1)

is more informative thaiizs, y2).

We note, however, that the most preferred structural repaitording te< ; are not
necessarily correct according to the domain. For instafieeikle_jointy, jointy),
(hinderlimb_jointa, wrist_joints)} is more preferred according ta; than{(ankle_-
jointy, jointy), (ankle_joints, limb_joints)}, but the former structural repair con-
tains a repairing action that is not correct according todbwnain (i.e. a hinderlimb
joint is not a wrist joint). Therefore, in contrast t& 4 where minimality is desired,
<1 only gives a preference between different structural rephut the domain expert
will need to decide on the correctness and essentially Wwibse the most preferred
structural repairs among the correct ones.

Further, some structural repairs may introduce equivaealations between con-
cepts in some ontology which are only connected by an isaioel in the original
ontology. For example, in the case of Figure 2, the struttegair { (bone; , joint,),
(ankle_joints, limb_joints)} will change the original is-a relatiofyoint; , bone; ) in
ontology 1 into an equivalence relation. Although such addtral repair may result
in a consistent ontology, this is usually not desired fromaeling perspective. The
third preference relation prefers not to change is-a i@atin an original ontology into
equivalence relations.

Definition 9. Given an ontology netwotk” = (O, P), letRy = U}_, Ry andRy =
Up_, R}, be structural repairs for the networked ontologi@s= { O}, }}_, with respect
to My, where for everyk, O, = (C,Zy). ThenR y is strict-hierarchy-preferred to
Ry (notationRy <sug R'y) iff 30; € O and (a,b) € Z; : O; = a = band C;,

We note that, according to our definitions, it is possible three structural repair
is preferred to a second structural repair, while at the s@mmethe second structural
repair is preferred to the first one. For example, in the caségure 2, letR, be the
structural repaif (limb_jointy, joint, ), (ankle_joints, limb_joints)} andR, be the
structural repaif (ankle_jointy, joint; ), (hinderlimb_joints, limb_joints)}. Then
R1 <5 RoandRs <5 R1. The first preference is based on the fact thatb_joint,
jointy) is more informative thafankle_joint,, joint, ), while the second preference
is based on the fact thébinderlimb_joints, limb_joints) is more informative than
(ankle_jointa, limb_joints). In this case it is, however, possible to find a third struc-
tural repair, e.g{(limb_jointy, jointy), (hinderlimb_joints, limb_joints)}, that is
strictly more information-preferred than both.

As explained in [14],< 4 is one way to capture Occam’s razor. Another way to
introduce a notion of simplicity of the solutions is the @alling heuristic ofsingle
relations We assume that it is more likely that the ontology develsgeve missed
to add single is-a relations, rather than a chain of is-aicgla. For instance, it is



more likely that(ankle_joints, limb_joints) is missing thar(ankle_joints, z1) and

(z1,22), and ... andxy, limb_joints).

3. Overview of the approach
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Figure 3: Approach for debugging missing is-a structure ilagies networked by PRAs.

In this section, we give an overview of our debugging appnoaks illustrated in
Figure 3, the process consists of 5 phases (of which phases8are optional) and is
driven by a domain expert. The inputis a set of ontologiesogked by a set of PRAs.

The uset starts with detecting missing is-a relations for all thewarked ontolo-
gies(Phase 1) The algorithm for detecting missing is-a relations is diéstl in Sec-
tion 4.

A naive way of repairing would be to compute all possible ctneal repairs for
the networked ontologies. This is in practice infeasiblé asolves all the ontologies
and all the missing is-a relations in the network. It is alaodhfor domain experts to
choose between structural repairs containing large setpairing actions for all the
ontologies at once. Therefore, in our approach, we repdolagies one at a time.
After one ontology is chosen for repairing, we generate aofgtossible repairing
actions for each missing is-a relation in the chosen onto{Btase 2)so that the user
can repair the missing is-a relations one by one. The alguorfor generating possible
repairing actions takes into account the preferences dkiiin8ection 2.3. In general,
there will be many missing is-a relations that need to beirepaand some of them
may be easier to start with such as the ones with fewer regaéttions. Therefore,

4As for most ontology engineering tools, our aim is that a doneaipert with ontology engineering
expertise can use tools based on our approach without muddirtion. Otherwise, an ontology engineer
may assist a domain expert (or vice versa). The domain expedsrteemake the final decisions on the
repairing, while the ontology engineer may help with underding is-a (e.g. as opposed to part-of) and
understanding the consequences of the repairing. In worthéoSwedish National Food Agency [26] the
domain expert had some expertise in ontology engineeringemdiélp from us was needed.



as an extra aid, we rank them with respect to the number oflgesgpairing actions
(Phase 3)

After this, the user can select a missing is-a relation tairegnd choose between
possible repairing actions. As an option, to facilitates fhiocess, the user can ask for
recommendations for repairing actions. We developed aaddtiat recommends the
most informative repairing actions supported by domairvkedge(Phase 4) Once
the user chooses a repairing action to execute, the chgsaining action is then added
to the ontology and the consequences are comp{Rbdse 5) Some missing is-a
relations may be repaired by the executed repairing acBome missing is-a relations
may have their repairing actions changed. Further, somemissing is-a relations
may be found.

At any time during the process, the user can switch to anath&rlogy or start
earlier phases.

4. Detecting the missing is-a relations

The missing is-a relations derivable from the network cdaddound by checking
the is-a relations between all concepts in every singlelogyo If an is-a relation is
not derivable from the ontology but derivable from the netwat is a missing is-a
relation. However, some of these missing is-a relationsradendant in the sense
that they can be repaired by the repairing of other missirgy riglations. It can be
shown that only the missing is-a relations whose concepisapin the mappings of
the PRAs are necessary for repairing. (As a shorthand, wéheatoncepts appearing
in the mappings of the PRARRA concept$

Proposition 1. For each missing is-a relation in the network, there mustteximissing
is-a relation whose concepts are PRA concepts, such thagpladring of the latter also
repairs the former.

PROOF Suppose in an ontology netwafK as defined in Definition 3, there is a miss-
ing is-a relationa, b) in an ontology®. According to Definition 4, the relatiom — b

is not derivable fron© but derivable from the ontology network. So, there musttexis
at least one concept from another ontology in the networnkjrfstancez, such that
On E a — z — b. Because concepts and z reside in different ontologies, the
relationa — z must be supported by a mapping between a conceft amd a con-
cept in another ontology in the network, for instance~ 2’ (or x = '), satisfying
On Ea — x — o' — 2z, wherez is a PRA concept in ontologg. Likewise, for
concepts: andb, the relationz — b must also be supported by a mapping between a
concept in® and a concept in another ontology in the network, for instane— y (or

y' = y), satisfyingOy = z — v — y — b, wherey is a PRA concept in ontology
O. We can then deduce that— y is derivable from the ontology network because
OnEa—2z—1a2 —2—9y — y— b Sincea — bis not inferrable from?,
the relationz — y can not be inferred fron® either. This means thdt:, y) is also

a missing is-a relation in the network, and the repairing @fsing is-a relatiorfz, y)
also repairga, b). &

10



Based on Proposition 1, repairing the missing is-a relatioatween PRA con-
cepts also repairs all other missing is-a relations del@vitbm the ontology network.
Therefore, our algorithm in Figure 4 considers only missing relations between PRA
concepts.

Input
The ontology network\" = (0, P), the induced ontology v,
the set of missing is-a relatious! i, the set of is-a relations to chegiy, .
Output
The updated set of missing is-a relatiokbty,
the updated set of is-a relations to che'ek;,.
Algorithm
For each ontology) € O whereO = (C,Z):
For every(a,b) € M% anda,b € C:
If O = a — bthen removea,b) from M¥%;
If O a— bandOy = a — bthen:
Add (a,b) as a missing is-a relation th1 v ;
Remove(a, b) from M3,.

Figure 4: Algorithm for detecting missing is-a relations.

In the algorithm in Figure 4, the global variabM y represents the set of missing
is-a relations. Before the algorithm is run for the first timid  is initialized to be the
empty set. The global variablet}, represents the set of is-relations which we need to
check to find missing is-a relations in the networked ontiglegBefore the algorithm
is run for the first time M3, is initialized to be the set of pairg, b) wherea andb
are PRA concepts in the same ontology. For each elefaebitin AM3%, we then check
whethera — b can be derived in the ontology to whiehandb belong. If so, then this
is not a missing is-a relation arid, b) is removed fromM3;. Otherwise, we check
whethera — b can be derived from the network. If so, then it is a missing iglation
and we adda, b) to My, and remove it fromM%,. Otherwise,a — b can neither
be derived from the ontology nor from the network. It then agms in M7, as it may
become derivable later when we have repaired part of theanktws all pairs of PRA
concepts are checked, our algorithm ensures that all ngigsia relations between
PRA concepts that can be derived from the current networkbeifound.

After the missing is-a relations are found, they will be riepéin later phases of the
debugging process and this will bring changes to the ist&ttres of the repaired on-
tologies and the induced ontology. Therefore, it is posdittht some new is-a relations
become derivable from the network and thus generate newmissa relations. For
example, in the case of Figure 2, suppose we rpaikle_jointy, joint;) by adding
the is-a relatior(limb_jointy, joint,) in ontology 1. Then, when re-running the de-
tection algorithm, we find a new missing is-a relati@ivnb_joints, joints), since
(limb_joints, jointy) has now become inferrable from the induced ontology and it is
still not inferrable from ontology 2. Therefore, after enéing repairing actions, we
need to re-run the detection algorithm to find new missing islations. The initial
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value of M}, when re-running the detection algorithm is the same as thévialue of

v in the previous run. This is because we do not change the mgppetween the
ontologies when repairing. Therefore, the set of PRA cotscdpes not change and
thus there are no additions fef%,.

5. Repairing the missing is-a relations

As explained in Section 3, our approach deals with the nd@ebontologies one at
a time. For the ontology under repair, possible repairiritpas are generated for all its
missing is-a relations. After ranking these missing isfatiens, the user can select a
missing is-a relation to repair, and we provide an algorithat recommends repairing
actions. Further, we developed an algorithm that, uponepairing of a missing is-a
relation, detects for which missing is-a relations the $e¢pairing actions needs to be
updated, and updates these.

5.1. Generating repairing actions

5.1.1. Basic algorithm

In our basic algorithm (see Figure 5), when generating raygactions for a miss-
ing is-a relation, we take into consideration that all rigsis-a relations will be re-
paired (least informative repairing action), but we do raéetinto account the conse-
guences of the actual (possibly more informative) repgigotions that will be per-
formed for other missing is-a relations.

Input

The ontology under repad, its set of missing is-a relation$1.

Output

Repairing actions.

Algorithm

1. Initialize KB with ontology;

2. For every missing is-a relatiqa, b) € M: add the axiomu — b to the KB;

3. For eacHa,b) € M:
Source(a,b) := super-conceptsj — super-conceptsy;
Target(a,b) := sub-concepts] — sub-concepts);

4. Missing is-a relatioria, b) can be repaired by choosing

an element fronbource(a, b) x Target(a,b).

Figure 5: Basic algorithm for generating repairing actions

In this algorithm, we store the ontology in a knowledge bas# add the missing
is-a relations. As we know that these missing is-a relat@mesderivable from the
network, adding them will introduce the desired connedidhguarantees that, for the
ontology under repair, all inferrable is-a relations betwés concepts in the network
will also become inferrable from the ontology. Essentidtys conforms to a structural
repair containing the least informative repairing actibmseach of the missing is-a
relations in the ontology. Then, for each missing is-a ir@hgtwe generate its possible
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repairing actions by computing two sets of concepts, cé8ledrce and Target sets. A
possible repairing action regarding missing is-a relafiarb) is an is-a relatior{s, t)
wheres is an element from its Source set ang an element from its Target set.

The algorithm computes repairing actions for each of thesimisis-a relations.
Structural repairs can be constructed by selecting ondriegaction per missing
is-a relation (and this conforms to the single relation fetigrin Section 2.3). The
computation of Source and Target sets ensures that an elémenSource(a, b) x
Target(a,b) repairs missing is-a relatiofu, b).> Therefore, a set consisting of one
element fromSource(a,b) x Target(a,b) for each missing is-a relatiofu, b) is a
structural repair. The algorithm terminates as we assuatdhbre are a finite number
of concepts in the ontologies and the computation of the&oamd Target sets is based
on computing super-concepts and sub-concepts in a finibatamy.

Further, every repairing action in such a structural repgpairs at least one miss-
ing is-a relation (preference 4 in Definition 6). We note, however, that these may
not always be the most preferred structural repairs acegrdi < 4. It may happen
that a repairing action selected for a missing is-a relatitso repairs several other
missing is-a relations. Therefore, the repairing actia@iated to these other missing
is-a relations are redundant and when these repairingnactice removed from the
structural repair, we have a structural repair that is maoedepred according tex 4
than the original structural repair. The algorithm couldilyabe adapted to construct
these most preferred structural repairs by for every atratrepair generated by the
algorithm, checking whether the subsets are still strathapairs and taking the min-
imal subsets. This is an expensive step and in our implerdesytgtem, we have not
implemented this. However, as we repair one missing isatiogl at the time in our
implemented system (Section 6), this is not a problem intg.c When a repairing
action repairs several missing is-a relations, then allired missing is-a relations will
be marked as repaired and will not be considered further.

Every possible repairing actiofs, t) computed by the algorithm satisfies— s
andt — b. This means that for every missing is-a relatianb) the selected repairing
action fromSource(a,b) x Target(a,b) in the structural repair i$a,b) itself or a
repairing action that is more informative tham, b). Thus, the generated structural
repairs are the set of missing is-a relations itself as wseHBtauctural repairs that are
more preferred according t&; (Definition 8) than the set of missing is-a relations.
We note that the algorithm does not only compute the mosemedt structural repairs
according to<;. As explained in Section 2.3, although in general, we prafere
informative repairing actions, these should still be \atiétl by a domain expert. When
a domain expert rejects a more informative repairing adtiom missing is-a relation,
a less informative will still repair the missing is-a retati For instance, the least
informative repairing action that will repair a missingagelation is the missing is-a
relation itself.

Further, it is guaranteed that for missing is-relat{anb) repairing actions of the
form (a,t) or (s,b) do not introduce new equivalence relations, where in thecgou

50Observe that we consider that all missing is-a relationsheillepaired, and it is under this consideration
that it is guaranteed that the repairing action repairs thesimg is-a relation.
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ontology’ we have only is-a relations (preferenges;; in Definition 9). Let us prove
this for repairing actions of the forrfu,¢). Assume a new equivalence relation has
been introduced bya, t) where previously there was only an is-a relation. This means
that there exist a andv such thatu — v in the source ontology and after adding
a — t, we now also have — u. As addings — t leads tov — u, we have that — a
andt — wu in the source ontology. This would mean that in the sourcelogyt — u,

u — v andv — a, and thus — a. However, this would make a sub-concept of

in the source ontology and thus, according to the algorithomuld not have been in
the Target set fofa, b). This yields a contradiction and thys, t) does not introduce
new equivalence relations. Similar reasoning leads to doethat repairing actions
of the form (s, b) do not introduce new equivalence relations. We note, horyvévat

a choice of repairing actiofs, t) wheret — s in the source ontology, will lead to
the introduction of equivalence relations. It is easy topadhe algorithm in step 4
to check this for each chosen repairing action. In the implated system (Section
6) we have not implemented this to make the visualizatioallofenerated repairing
actions for a missing is-a relation at the same time (using&oand Target sets) as
simple as possible. However, when a user selects a repaictign we check whether
an equivalence is introduced and in such case a notificatigivén to the user.

Figure 7: Generating repairing actions - Example 1 - SourdeTarnget sets for (5,4) and (3.2).

As an example, consider the case presented in Figure 6, whete (C,Z) is
an ontology with concept§ = {1,2,3,4,5,6,7} and is-a relations (shown in full
lines in Figure 6 = {(7,5), (7,6), (5,3),(2,1), (6,4), (4,1)}. (Z represents the is-a
hierarchy and thus also all is-a relations derived from feenents inZ.) The set of
missing is-a relations (shown in dashed lines in Figure 8)tis= {(5,4), (3,2)}. The
algorithm then generates the following Source and Tardst se

Source(5,4) = {5,3,2,1,4} — {4,1} = {5, 3,2}

6with missing is-a relations added.
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Target(5,4) = {4,6,7,5} —{5,7} = {4,6}

Source(3,2) ={3,2,1} — {2,1} = {3}

Target(3,2) ={2,3,5,7} — {3,5,7} = {2}
These sets are visualized in Figure 7. On the left hand siffégofe 7 the Source and
Target sets are shown for missing is-a relation (5,4) andvemight hand side we have
the Source and Target sets for the missing is-a relatiof. (Bl missing is-a relation
under consideration is highlighted in bold. Elements in arfe set are annotated with
's’, while elements in a Target set are annotated with 't'.r Rossing is-a relation
(3,2) the only generated repairing action(8 2). For missing is-a relatiof, 4) any
of the repairing actionss, 4), (5,6), (3,4), (3,6), (2,4), (2,6) together with (any of)
the generated repairing action(s) f@, 2) leads to the derivation of the missing is-
a relation(5, 4) in the extended ontology. The example also shows the impoetaf
initially adding the missing is-a relations to the knowledmase. The possible repairing
action(2, 4) for missing is-a relatiof5, 4) would not be generated when we do not take
into account that missing is-a relati¢h 2) will be repaired’ Further, the example also
shows that we do not introduce repairing actions that woutld ts-a relations in the
original ontology into equivalence relations. For insanadding(1, 4) would lead to
the fact that missing is-a relatiq, 4) would be derivable in the extended ontology,
but also leads to makingand4 equivalent.

I nput
The ontology under repa, its set of missing is-a relations!.
Output
Repairing actions.
Algorithm
1. Initialize KB with ontology ;
2. For every missing is-a relatiqa, b) € M:
Create two new concepisandy in the KB;
Add the axioms: — z, z — y, y — b to the KB;
3. For eacHa, b) € M:
Source-ext(a, b) 1= super-concepta] — super-concepts{;
Target-ext(a, b) := sub-concepts] — sub-concepts);
4. Missing is-a relatiorfa, b) can be repaired by choosing an original ontology elem
from Source-ext(a,b) and an original ontology element frofurget-ext(a, b).

Figure 8: Extended algorithm for generating repairingati

7So this means that repairing one is-a relation may influencestairing actions for other missing is-a
relations. However, whegeneratingrepairing actions in the algorithm in Figure 5 the only infioe that
is taken into consideration is the fact that missing is-atieia are or will be repaired (least informative
repairing action), but not the actual (possibly more infoimtrepairing actions that will be performed.
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5.1.2. Extended algorithm

Our extended algorithm (see Figure 8) for finding repairiotioas for a particular
missing is-a relation takes into account influences of athiesing is-a relations that are
valid for all possible choices for repairing actions for thteer missing is-a relations.
Before computing the Source and Target sets, we introduceémw concepts andy
for each missing is-a relatidia, b) in the knowledge base as well as the axiems =z,

x — y,y — b. (z,y) satisfies the requirements that each possible repairingneictr
(a,b) should satisfy. As they are new concepts in the knowledge, libe properties
and relations of;, respectivelyy, to other concepts in the knowledge base represent the
properties and relations that are common to the Source pts)aespectively Target
concepts, of the possible repairing actions (@rb). The Source and Target sets are
now computed relative to theandy.

Consider the case presented in Figure 9, wiigre (C, 7) is an ontology with con-
ceptsC = {1,2,3,4,5,6,7,8,9,10} and is-a relations (shown in full lines in Figure
9)Z = {(7,6),(6,5),(5,2),(2,1),(7,4),(10,4), (10,9), (9,8), (8, 3), (3,1), (4,1)}.
(As before,Z represents the is-a hierarchy and thus also all is-a rektierived from
the elements if.) The set of missing is-a relations (shown in dashed lindsgare
9)isM = {(5,4),(8,4)}.

Figure 10: Generating repairing actions - Example 2 - SoundeTarget sets for (5,4) and (8,4).

The basic algorithm in Figure 5 generates the following Seand Target sets.
Source(5,4) = {5,4,1,2} — {4,1} = {5,2}
Target(5,4) = {4,8,9,10,5,6,7} — {5,6,7} = {4,8,9,10}
Source(8,4) = {8,4,1,3} — {4,1} = {8,3}
Target(8,4) = {4,8,9,10,5,6,7} — {8,9,10} = {4,5,6,7}
The extended algorithm in Figure 8 adds the conceptg1, x2, y» and the is-a rela-
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tionss — x1, 21 — y1,y1 — 4,8 — x9, 2 — yo andy, — 4 (shown in dotted lines
in Figure 9) in the knowledge base. It then generates theviollg Source and Target
sets (Figure 10).

Source-ext(

5 4) {5 4 ,CEl,yl} {4 -Thyl} = {5 2}
Target-ext(5,4

) {489 105671‘1,y1,l‘2,y2} {5673)1,]]1}

{4 8 9 10 1‘27y2}

Source-ext(8,4) = {8,4,1,3, 2, y2} — {4, 1, x2,y2} = {8, 3}

Target-ext(8,4) = {4,8,9,10,5,6,7, x1,y1, 22, y2} — {8,9,10, 22, y2}

= {4 5 6 7 l‘l,yl}
The sets generated by the extended algorithm indicate liba¢ is an influence be-
tween the two missing is-a relations. Indeed, when a chaicadde for repairing
the first missing is-a relation, we have essentially addeivatgnce relations between
x1, respectivelyy;, and concepts in the ontology. The appearance;ocdndy; in
the Target-ext set for the second missing is-a relatiorcatds that the concept cho-
sen to be equivalent te; (and all concepts between this concept &hdre now also
candidates for the Target-ext for the second missing idatioa. For example, when
choosing(2,4) as a repairing action for missing is-a relati 4) then (3,2) is a
possible repairing action for missing is-a relati@4).

Similarly to the basic algorithm, the proposed repairinticas for a missing is-a
relation(a, b) all lead to the derivation ofa, b) in the extended ontology. In general,
a user may repair the ontology by choosing for each missirgyridation(a,b) an
original ontology element fronbource-ext(a,b) and an original ontology element
from Target-ext(a,b). However, as the algorithm only takes into account influsnce
that are common to all possible choices for repairing astiaruser may want to repair
one missing is-a relation and recompute repairing actionghfe other missing is-a
relations.

5.2. Ranking repairing actions

In general, there may be many missing is-a relations that teebe repaired. Al-
though it is possible to repair the missing is-a relationarig order, some orders may
be more important or make it easier for the user. For instahogay be important to
first repair is-a structure in the top level of the ontologyjtanay be easiest to deal
with the missing is-a relations with the fewest repairingicks. In this paper we use a
ranking algorithm that allows the user to start with the relations where there are the
fewest choices. These are usually easiest to visualizeesodve. Therefore, our rank-
ing algorithm ranks the missing is-a relations accordingpéonumber of their possible
repairing actions. For a missing is-a relation, this is glaleed as the product of the
Source set size and Target set size for the basic algoritbnthE extended algorithm,
it is calculated in the same manner but without counting #tieaeadded new concepts.
The user can choose to use the ranking or ignore it.

5.3. Recommending repairing actions

For a missing is-a relation under repair, there may be masgiple repairing ac-
tions to choose from. Therefore, as an option, the user dafoasecommendations
for repairing actions. We developed an algorithm that recemds the most informa-
tive repairing actions (see Definition 7) that are suppoligdome external domain
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I nput:
The ontology® and the missing is-a relatidw, b) under repair,
Source(a,b) andTarget(a,b) computed by the basic algorithm.
Output
Recommended repairing actions.
Algorithm
Global Variable visited: stores already processed repairing actions.
Global Variable recommended: stores recommended repairing actions.
. Setvisited = {(a,b)};
. Setrecommended = {(a,b)};
. SetX, = {z. : z. € Source(a,b) AVz € Source(a,b): if z. — z thenz =z.};
. SetY, ={y. : ye € Target(a,b) A\Vy € Target(a,b): if y — y. theny =y.};
. For each paifz., y.) € X. x Y.: callFi ndRec(z., y.);
. Returnrecommended;
Function Fi ndRec(concept X, concept vy)
i. If (x,y) € visited then return;
ii. Add (z,y) tovisited;
iii. If 3 (x,,y,) € recommended: v — x, Ay, — ythen return;
iv. If = is a sub-concept a@f according to the domain knowledge, then
Remove all(z,, y,-) from recommended for whichz, — z andy — y,;
Add (z,y) to recommended,;
else
LetY,, be the set of direct super-conceptgof
For eachy, € Ys,, N Target(a,b): call Fi ndRec (z,ys);
Let X, be the set of direct sub-conceptsugf
For eachr, € X, N Source(a,b): call Fi ndRec(zs, y);

OO0 WNPE

Figure 11: Algorithm for recommending repairing actions.

knowledge. We assume that there is domain knowledge whiateweuery regarding
subsumption between concepts. There are several suchesauch as general the-
sauri (e.g. WordNet) or specialized domain-specific saifeqy. the Unified Medical
Language System).

Essentially, the recommendation algorithm selects, anmtbagstructural repairs
computed by the algorithm that generates repairing ac{®estion 5.1), the structural
repairs that contain the most informative repairing acipreference<; in Definition
8) that are also supported by domain knowledge. The userloamse to accept the
recommendations or not.

In our algorithm (see Figure 11) we generate recommendeadriieg actions for
a missing is-a relation starting from the Source and Targtst generated by the algo-
rithm in Figure §. The algorithm selects the most informative repairingaithat are

8We have also extended the algorithm in Figure 11 to deal witir&-ext and Target-ext sets derived by
the algorithm in Figure 8.
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supported by evidence in the domain knowledge. The varieBlzed keeps track of
already processed repairing actions. The variablemmended stores recommended
repairing actions at each step and its final value is retuaseoutput. It is initialized
with the repairing action from the missing is-a relatiomlitsThis is the least informa-
tive repairing action which is ensured to be correct. Steasd4 compute the séf.
of maximal elements with respect to the is-a relation in tbere set and the s&} of
minimal elements with respect to the is-a relation in they@aset. The elements from
X. x Y, are then the most informative repairing actions. For eadh&de elements
(z,y) we check whether there is support in the domain knowledgems Steps i and
ii in the functionFi ndRec do bookkeeping regarding the already processed repairing
actions. Step iii assures that we do not recommend is-dae$athat are less informa-
tive than others already recommended. In step iv we checlth@héhere is support
in the domain knowledge for the repairing action. If so, tlle@ repairing action is
recommended and all less informative repairing actionger®ved from the recom-
mendation set. If not, then we check whether there is sujiptite domain knowledge
for the repairing actions that are less informative tiany). Among these we start
with the most informative repairing actions.

5.4. Executing repairing actions

For a missing is-a relation under repair, the user seleots fne generated repairing
actions, possibly based on a recommendation, a repairii@neo repair the missing
is-a relation. We note that, whenever the user selects a infimemative repairing
action than the missing is-a relation itself, we have afusko detected a missing
is-a relation (i.e. the more informative repairing actitmt could not be derived from
the ontology network. When a user executes a repairing afdramparticular missing
is-a relation, it may influence the set of possible repaigatjons for other missing is-a
relations. Therefore, the repairing actions for the othessing is-a relations need to
be recomputed based on the ontology extended with the cliepaiting action.

Figure 12: Updating repairing actions - Example 2 - Ontolagigsing is-a relations and Source and Target
sets for (8,4); before and after repairing missing is-a i@taf5,4) using repairing action (2,9).

For instance, Figure 12 shows on the left hand side the @ligituation of the
example in Figure 9, and on the right hand side the new situatiter having repaired
missing is-a relatior{5,4) using repairing actiori2, 9) (shown in thick line). In this
case the Source and Target sets for missing is-a rel&iot) become the following
for the basic algorithm:

Source(8,4) = {8,4,1,3} — {4,1} = {8,3}
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Target(8,4) = {4,8,9,10,2,5,6,7} — {8,9,10,2,5,6,7} = {4}
and the following for the extended algorithm:

Source-ext(8,4) = {8,4,1,3,x2,y2} — {4,1, 22,92} = {8,3}

Target-ext(8,4) = {4,8,9,10,2,5,6,7,22,y2} — {8,9,10,2,5,6,7, 22, y2}

= {4}

When we compare the computed repairing actions after theelwd( 2, 9) for repair-
ing (5,4) with the repairing actions computed before the choice (sti& 5.1), we
note that the repairing actions that introduce equivaleatsions (e.g.(3,5), (3,6),
(3,7), (8,5), (8,6) and(8, 7) for the basic algorithm) are removed after the choice of
(2,9) (preference< sy in Definition 9). However, beforé, 9) is chosen these repair-
ing actions do not necessarily introduce equivalenceiosist For instance, we could
have repaired8, 4) first using one of these repairing actions, and afterwargaired
(5,4).

Input
The ontology under repai®, the repaired missing is-a relati¢a,., b,.), the repairing
action(z,, y,-) taken for(a,., b,.), the set of non-repaired missing relatiols...
Output
Updated Source and Target sets.
Algorithm
1. Add (z,, y,) to the KB;
2. For each missing is-a relati¢n, b) € M.,
If a — x, then recompute super-concefpts
If b — x, then recompute super-concgpis
If a — x, orb — z, thenSource(a, b) := super-conceptsf — super-conceptsy;
If . — a then recompute sub-concefts;
If y, — bthen recompute sub-concefits
If y. — aory, — bthenTarget(a,b) := sub-conceptd] — sub-conceptsy;

Figure 13: Algorithm for updating Source and Target sets.

For small ontologies, computing the repairing actions dadggake much time and
the approach is feasible in a real setting. For large ontesothe computation time
may not be small enough to guarantee immediate updates m@arented tool for
repairing. Therefore, in the algorittfim Figure 13 we introduced a way to keep track
of the influences between different missing is-a relatiohlse missing is-a relations
for which the Source or Target sets can change are the missangelations for which
at least one of the concepts is a sub-concept or super-doatap least one of the
concepts in the chosen repairing action for the repairedinggs-a relation. We only
update the Source and Target sets for these missing istfonsla In addition, we
also remove the other missing is-a relations that have begaired by the current
repairing action. This is essentially updating the glokaiable M 5 as described in

9Like the algorithm in Figure 11, this algorithm is applicalibr cases using the basic algorithm. We also
have a version with similar strategy for when we use the extemdgorithm.
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the detection algorithm in Figure 4.

6. Implemented System

We implemented a system RepO3®efair of OntologicalSructureEnvironment)
in Java based on our approach described in the previoussetle use a framework
and reasoner provided by Jena (version 2.5.7) [28]. Hershew its use using pieces
of MA and NCI-A regarding the concefpint, as well as a PRA with 8 equivalence
mappings.

@ et ~>m o
;:m:: RepOSE

Ontologies networked by PRAs

Load Ontologies and PRAS } Ontologies : 2

Repair of Ontological Structure Environment

f
lioint_mouse_anatomy.owl Show Ontalogy ‘

Iissing is-a relations

Detect Missing 15-A Relations Missing IS-A Relations | 7

|MA_0000460:wrist joint -> MA_0D003 190int [=]
Repair
| Generate Repaiing Actions | Recommend Repairing Actions | Recommendations : 1
[ useExtendedAlg vl wordhet:  [CIUMLSK |MA_UUUUSB17>MH_UUI]0319 - ‘
Source : 3 Target : 26
MA_0

M#_0001409: gomphosis
WA_DO01S05: joint of girdle
e DEMWﬁgnwm\agmusJmm
WA_0000453: metacarEpRRRRREES jarkte joint

MA_DDDDAGE: shoulder 1oint s nonnaza: synowial oint

{MA_0000319: joint)
MA_ODO1514: joint of vartebral body

WA_0000460; wrist joint 1A% 0000451 elbow joint

M&_0001513: jaint of vartebral MRAOO01509: costochandral joint
|_ Repair MA_OO00471: knee joint

o MA_0000321: fibdO0R1508: jeint of b
hA_000051 4: forelimb joint MA_D001512: stemacostal joint

)
o
o

01511, interchondral joint
wa_oonistt o e RIS

(MA_O0DDBST: limb joint |

ot 4_TIE81B0B1 5854 phistesmabispaishond osis

Figure 14: User interface of RepOSE.

As input our system takes a set of ontologies in OWL format a agea set of
PRAs in RDF format. The ontologies and PRAs can be importatjukeLoad On-
tologies and PRAbutton. The user can see the list of ontologies in@rgologies
menu (see Figure 14). Once tBetect Missing IS-A Relatiormitton is clicked, miss-
ing is-a relations are detected in all ontologies. Thenuter can select an ontology to
repair, and thdlissing 1S-A Relationsienu shows the missing is-a relations of the cur-
rently selected ontology. In this case the ontol@mgt_mouseanatomy.owls selected
and it contains 7 missing is-a relations (same as the cadgune-1).
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Clicking on theGenerate Repairing Actiorisutton, results in the computation of
repairing actions for the missing is-a relations of the gy under repair, which is
preceded by a two-stage preprocessing step. During thequessing, one stage is to
identify and repair the missing is-a relations which areialty equivalence relations.
This refers to cases where in the original ontology therenigsea relationa — b,
and according to the netwotk — a is missing, as well as cases where both- b
andb — a are missing according to the network. As the structure incth®elogies
and the mappings are assumed to be correct, this means #matb are equivalent.
These missing is-a relations are therefore immediatelgire@ by adding them to the
ontology and essentially introducing an equivalence betw@e concepts. The other
stage is to identify and remove the redundant missing isaéi@as which are derivable
from the ontology extended with other missing is-a relaiom\fter preprocessing,
repairing actions for each missing is-a relation are coegbaind presented as Source
and Target sets. The selection of tieeExtendedAlgheckbox makes the computation
use our extended algorithm, otherwise our basic algorihosed.

Once the Source and Target sets are computed, the missarrglistions are ranked
with respect to the number of possible repairing action® filst missing is-a relation
in the list has the fewest possible repairing actions, angdtherefore be a good starting
point. When the user chooses a missing is-a relation, thecBaund Target sets for the
repairing actions are shown in the panels on the left anditi#, rrespectively (as
shown in Figure 14). Both these panels have zoom control anttldbe opened in
a separate window by double clicking. The concepts in thesimgsis-a relation are
highlighted in red. In this case, the repairing actions @f thissing is-a relations are
generated using the basic algorithm. The selection of tlesing is-a relationwrist
joint is-ajoint” displays its Source and Target sets in the panels. TheyagoBtand
26 concepts respectively.

For the selected missing is-a relation, the user can alséoagskcommended re-
pairing actions by clicking thRecommend Repairing Actiobstton. For the query of
domain knowledge, we currently implemented two methods first method is based
on WordNet, making use of the WordNet senses and hypernyatiaes to verify the
subsumption relation between concepts. The second onesésl i UMLS Knowl-
edge Source Server, checking whether one concept is defireedancestor of another
in UMLS Metathesaurus. On the interface, the two checkbake®s the user to spec-
ify the external domain knowledge used for generating renendations. In our case,
the system used/ordNetand recommends to add an is-a relation betweaeh joint
andjoint. In general, the system presents a list of recommendatiBynselecting an
element in the list, the concepts in the recommended reygaaction are identified by
round boxes in the panels. The user can repair the missiagetation by selecting
a concept in the Source panel and a concept in the Target padatlicking on the
Repairbutton. The repairing action is then added to the ontologg, @her missing
is-a relations are updated, as well as the set of missingatations of every ontology
in the network.

At all times during the process the user can inspect the agyolinder repair by
clicking theShow Ontologyutton. The is-a structure of the repaired ontology will be
shown in a separate window with newly added is-a relatiomsgokighlighted. The
user can save the repaired ontology into an OWL file by clickimgSavebutton,
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or select another ontology to repair. At all times the user @iao switch to another
ontology in the network. The whole debugging process runs-sgitomatically until
Nno more missing is-a relations are found or unrepaired iméte/ork.

7. Experiments

In this section, we present experiments using our debuggipgoach. We use dif-
ferent cases for which we run complete debugging sessionhel’OAEI Anatomy’
experiments we debug a network in the biomedical domainisting of the two anatomy
ontologies and a PRA in the OAEI Anatomy track. We use bottbtsic and extended
algorithms for the generation of repairing actions. In tBAEI Bibliography’ exper-
iments we use 5 ontologies of the OAEI Benchmark track withr BBRAs. We run
debugging sessions on the full network of 5 ontologies anBA4 as well as on sub-
networks consisting of 2 ontologies and 1 PRA. In the 'ONK{periment we debug
two ontologies from the Finnish Ontology Library Service KINa maritime ontology
and an ontology which is an integrated ontology based orrakwvere ontologies and
domain extensions, and a PRA.

The experiments for OAEI Anatomy and OAEI Bibliography weerformed on
an AMD Dual Core Processor 2.90GHZ desktop machine with 4 GERD memory
under Windows Vista Business operating system (SP2) aral D&/compiler. The
ONKI experiment was run on an Intel Xeon Processor 3.46Ghzesavith 12 GB
DDR3 memory under Debian 6.0.6 and Java 1.6 compiler.

7.1. OAEI Anatomy

In the OAEI Anatomy experiments we debug a network congjstiinithe two on-
tologies and the PRA from the 2008 Anatomy track in OAEI. Asaied before, the
two ontologies, MA and NCI-A, contain 2744 and 3304 concepspectively, while
the PRA between them contains 988 equivalence mappingJébtée 1). Our debug-
ging leads to the detection of 205 missing is-a relations i &hd 177 in NCI-A.
These were repaired by the addition of 101 is-a relationsAnavid 87 in NCI-A.

number of| PRA -total | PRA - equivalencg PRA - subsumption
concepts | mappings | mappings mappings

MA 2744 - - -

NCI-A | 3304 - - -
- 988 988 0

Table 1: Anatomy ontologies network.
The test runs for this experiment were done by the authorsveéare not domain

experts for this experiment, we have used [15] to decide @sipte choices and used
the recommendation algorithm.
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7.1.1. Run with basic algorithm for generation of repairiactions

The total debugging session took about 3 hours. This inelide computation
by RepOSE, the user interaction with RepOSE as well as thangaip of domain
knowledge by the user.

As a first step in the session the two ontologies and the PRA& Veaded. Then
the detection algorithm was run. This took about 2 minutesaAesult we found 199
missing is-a relations in MA and 167 in NCI-A. This is showrTable 2 where the col-
umn 'total’ shows the total number of detected missing istatrons during the whole
debugging session and in parentheses the number of inilietiécted missing is-a rela-
tions. As discussed before, all these missing is-a relatwa between PRA concepts.
A further check shows that some missing is-a relations angalyg equivalence rela-
tions (column 'equivalence’), and some are redundant (ooliredundant). When all
these missing is-a relations are preprocessed beforeajgmgerepairing actions, we
have 115 missing is-a relations in MA and 80 in NCI-A (colurtmrepair’).

total equivalence| redundant| to repair
MA 205 (199)| 6 (6) 79 (78) 120 (115)
NCI-A | 177 (167)| 3 (3) 87 (84) 87 (80)

Table 2: Anatomy - Missing is-a relations detected duringvthele debugging session. In parentheses the
missing is-a relations that are initially detected.

The next step is to generate repairing actions for the renmaimissing is-a re-
lations in all ontologies. For MA, our basic algorithm geastess for 9 missing is-a
relations only 1 repairing action (which is then the missig@ relation itself). This
means that these could be immediately repaired. For NCligArthmber is 5. Of the
remaining missing is-a relations there are 61 missing iskations for MA that have
only 1 element in the Source set and 2 missing is-relatioaisitave 1 element in the
Target set. For NCI-A these numbers are 20 and 3, respectiiekse are likely to be
good starting points for repairing. Tables 3 and 4 show fiedint ranges how many
Source and Targets sets had a size in that range. For mo#t ofisising is-a relations
these sets are small and thus can be easily visualized irattedspof our system.

total | 1 | 2-10 | 11-20 | 21-30 | 31-40| 41-50 | 51-100
MA - Source 115 | 70| 45 0 0 0 0 0
MA - Target 115 | 11| 50 5 9 4 6 5
NCI-A - Source | 80 25|55 0 0 0 0 0
NCI-A - Target | 80 8 | 52 6 2 0 0 5

Table 3: Anatomy - Sizes of Source and Target sets when gérgerapairing actions for the first time - part
1.

Table 5 shows the results of the repairing. Most of the mgsira relations were
repaired explicitly by the user through interaction withpRSE (column "explicitly
repaired’), while some in MA were repaired as a result of #yairing of others (col-
umn repaired by others’). In some cases it was immediatlelgrowhich repairing
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\ total | 101-200| 201-300| 301-400| >400
MA - Source 115 | 0
MA - Target 115 | 18
NCI-A - Source | 80 0
NCI-A - Target | 80 4

= O WwOo
NOOO
oo MO

Table 4: Anatomy - Sizes of Source and Target sets when gérgerapairing actions for the first time - part
2.

action to use. The chosen repairing action in this case weayalthe missing is-a
relation itself (columns 'obvious choice self’ and 'obvioahoice more informative’).
For the other cases the recommendation algorithm was ussnD$E generated rec-
ommendations using WordNet. The running time was circa 4utas for MA and
circa 2 minutes for NCI-A. The results are shown in Table 6mirst cases, there was
only 1 recommendation for repairing a missing is-a relati&ometimes, there were
2 or 3 recommendations. The recommendations can come frath sets of repair-
ing actions or from large sets. For instance, for MA the aystecommends for the
missing is-a relatiofmandible, bonethe following three repairing actiorferal region
cartilage/bone, bone)viscerocranium bone, bonednd (mandible, lower jaw) The
repairing actions are recommended from a Source set of 17¢epts and a Target set
of 3 concepts. In almost all cases the recommendation by REp&as used (columns
with 'use recommended’ in Table 6) and in some cases the r@emdation was ig-
nored (columns with ’'ignore recommended’). In many caseaissing is-a relation
itself was used as repairing action (columns with 'self’} far 18 missing is-a rela-
tions in MA and 7 in NCI-A a more informative repairing actioras used (columns
with 'more informative’}° thereby adding new knowledge to the network.

total | explicitly | repaired | obvious| obvious ask
repaired | by others| choice | choice recommendatior
self more informative
MA 120 | 101 19 28 0 73
NCI-A | 87 87 0 7 0 80

Table 5: Anatomy - Repaired missing is-a relations.

After repairing the initially detected missing is-a retats we started a new round of
detection. We found 6 new missing is-a relations (of whicle8ded to be repaired) in
MA and 10 (of which 7 needed to be repaired) in NCI-A. Every lyederived missing
is-a relation was caused by the repairing of a missing idatioa in the other ontology
for which the repairing action was more informative thanrttissing is-a relation itself.
Among these new missing is-a relations, 4 in MA and 4 in NClppear separately

10An expert in the anatomy domain might have been able to find adaitimore informative repairing
actions.
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total | use use ignore ignore
recommended recommended recommended recommended

self more informative| self more informative
MA 73 52 16 3 2
NCI-A | 80 73 6 0 1

Table 6: Anatomy - Recommendations.

after the execution of the relevant repairing action. Commecthese new missing is-a
relations is that each concept in the new missing is-a cglati one ontology is equiv-
alent to a concept in the executed repairing action in therathtology. For instance,
the new missing is-a relatiofT horacicAorta, Artery)in NCI-A was caused by the
execution of repairing actiofthoracic aorta, arteryjn MA, and the new missing is-a
relation (venule endothelium, vein endothelium)MA was caused by the execution
of (VenuleEndothelium, VeirEndothelium)in NCI-A. Other new missing is-a rela-
tions appeared together in the respective ontology, ofwhiand 3 were redundant in
MA and NCI-A, respectively. For example, in NCI-A, after th@ssing is-a relation
(Myocardium, Muscle)n MA was repaired by(StriatedMuscleTissue, Muscleg)the
new missing is-a relationskeletal muscle tissue, muscée)d (striated muscle tissue,
musclelappeared together, in which the former was redundant wsiheret to the latter.

After these missing is-a relations were repaired, no monewetected and the
debugging session was concluded.

7.1.2. Using the extended algorithm for generation of répgiactions

We have also experimented with the extended algorithm foegding repairing
actions. Table 7 shows the influences between differentmgigs-a relations that can
be computed using our extended algorithm. The last coluriin $8ows the num-
ber of missing is-a relations where x’s and y’s of other nmigsis-a relations occur
in both Source and Target sets. For the other columns therxsy& only occur
in Source or Target, but not in both. For instance, for MA ¢hare 22 missing is-
a relations whose Source or Target set contain x and y fromotime missing is-a
relation. We see that for a majority of the missing is-a rfefet detected initially
(94/115 for MA and 67/80 for NCI-A) there are influences. Ateiesting observa-
tion is that in several cases missing is-a relations that ltla@ same number of influ-
ences from other missing is-a relations, actually influezeeh other. For instance, in
NCI-A we find missing is-a relations between eaclBainchusBasemenMembrane
BronchusCartilage, BronchusLaminaPropria, BronchusSubmucosaand the con-
ceptBronchusConnectiveTissue Repairing one of these missing is-a relations influ-
ences the repairing actions of all the others. We found ségeich clusters, among
others for instance, in MA concernirigpdy cavity/lining lymphoid tissueandbrain
nucleuswith 7, 4 and 6 missing is-a relations, respectively.

7.2. OAEI Bibliography

The OAEI Bibliography experiments deal with ontologiesnfrethe 2010 Bench-
mark track in OAEI. We use the ontologies in the bibliogragbynain called 101, 301,
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total |1 |2 |3|4|5 |6 |7|8|9]|10| 11-15| 16-35| ST
MA 94 2215 | 3519108040 |14 0 4
NCI-A | 67 141223112 |0 |0O|0|O|O0 |6 6 13

Table 7: Influence between repairing actions of differensinig is-a relations - in Source or Target.

302, 303 and 304 and retain from these ontologies only trentaic part’. There are
mappings (equivalence and subsumption) between 101 arathtbeontologies. The
number of concepts and mappings is shown in Table 8.

number of | PRA - total PRA - equivalence| PRA - subsumption
concepts | mappings with 101 mappings with 101 mappings with 101
101 33 - - -

301 15 22 14 8
302 | 13 23 12 11
303 | 54 18 16 2
304 | 39 30 28 2

Table 8: Bibliography ontologies network.

We consider 2 cases. In the first case we debug 4 small netweakk consisting
of 101 and one other ontology and their PRA. This led to thedat&tn of 2, 18, 1
and 9 missing is-a relations for the respective networkstheske were repaired by the
addition of 2, 7, 1 and 7 is-a relations, respectively. Indkeond case we consider
the five ontologies and the four PRAs as one network. Thistedde detection of 48
missing is-a relations in the ontologies and these wereinegbay the addition of 16
is-a relations.

The test runs for this experiment were done by the secondawik he is familiar
with the domain, we considered him as a domain expert. As & @@vious which
repairing actions to choose, the recommendation algontlasinot used. The largest
session for this case took less than 5 minutes.

7.2.1. Case 1 - four small networks

For the first case, the running time for the detection alporitvas around 10 sec-
onds per network. The results for this case are given in Taibleformation about the
sizes of the Source and Target sets for the missing is-daesato repair is given in
Table 10. Many of the Source and Target sets only contain emeemt. For 4 of the
missing is-a relations there is only 1 repairing action.l@dld shows the results of the
repairing. All missing is-a relations except one in 101 wegaired explicitly. More
informative repairing actions were used for 101 in netwddit-BO2 and for 101 and

11This means we only keep internal concepts and the subClasa@freents. Further, we only retain
mappings between concepts (but not between relations).
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304 in network 101-304. After having repaired these missing relations, no more
were detected and the debugging session was concluded.

total equivalence| redundant| to repair
101 1(1) 0 (0) 0 (0) 1(1)
301 1(1) 0 (0) 0(0) 1)
101 | 17 (17)| 0(0) 11 (11) 6 (6)
302 1(1) 0 (0) 0 (0) 1(1)
101 | 0(0) 0 (0) 0 (0) 0(0)
303 | 1(1) 0 (0) 0 (0) 1(1)
101 | 4 (4) 0(0) 0(0) 4(4)
304 | 5(5) 0 (0) 1(2) 4(4)

Table 9: Bibliography case 1 - Missing is-a relations detéauring the whole debugging session. In
parentheses the missing is-a relations that are initialigaied.
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Table 10: Bibliography case 1 - Sizes of Source and Targetveleén generating repairing actions for the
first time.

7.2.2. Case 2 - one network

The running time for the detection algorithm for case 2 wasiad 40 seconds. For
this case (Table 12) for 101 we find 22 missing is-a relatidnghich 12 are redundant.
Of the remaining 10 we have 2 that according to the networlkequivalence relations
((Chapter:BookPart, InBook:InBoolgnd (InBook:InBook, Chapter:BookPajt) For
301, 302 and 303 we find 1 missing is-a relation each. For 304inde23 missing
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total | explicitly | repaired | obvious| obvious
repaired | by others| choice | choice
self more informative
1011 1 0 1 0
3011 1 0 1 0
101 | 6 6 0 3 3
302 | 1 1 0 1 0
1010 0 0 0 0
303 |1 1 0 1 0
101 | 4 3 1 2 1
304 | 4 4 0 3 1

Table 11: Bibliography case 1 - Repaired missing is-a raiatio

is-a relations of which 13 are redund&ntinformation about the sizes of the Source
and Target sets for the missing is-a relations to repainisrgin Table 13. For each
of 301, 302 and 303 there is a missing is-a relation with onlggdhiring action. Table
14 shows the results of the repairing. All missing is-a rete except two in 101 were
repaired explicitly. More informative repairing actiongpear in 101 and 304. After
having repaired these missing is-a relations, we found 3mesing is-a relations of
which 1 needed to be repaired.

total equivalence| redundant| to repair
101 | 22(22) | 2(2) 12 (12) 8 (8)
301 1(1) 0 (0) 0(0) 1)
302 1(1) 0 (0) 0(0) 1)
303 | 1(1) 0 (0) 0 (0) 1)
304 | 23(20) | 0(0) 15(13) 7))

Table 12: Bibliography case 2 - Missing is-a relations detgauring the whole debugging session. In
parentheses the missing is-a relations that are initiatigaied.

7.3. ONKI

In the ONKI experiment we debug a network consisting of twéotogies and
their PRA as available in the Finnish Ontology Library SeevODNKI [48, 25]. The
maritime ontology MERO contains ca 1400 concepts and is taiai@d by the Finnish
Transport Agency. KOKO is Finnish national resource creédtg aligning an upper
ontology and several domain ontologies. It contains ca@2gbncepts. The PRA
between KOKO and MERO contains 266 equivalence mapping® (8ble 15.)

12The (*) in Table 12 marks the fact that of the 7 missing is-a refet to repair initially, one will become
redundant later on in the debugging process. Further, aiti@til missing is-a relation will be found later
on in the debugging process.
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Table 13: Bibliography case 2 - Sizes of Source and Targstvgeeén generating repairing actions for the
first time.

total | explicitly | repaired | obvious| obvious
repaired | by others| choice | choice
self more informative
101 | 8 6 2 4 2
3011 1 0 1 0
302 |1 1 0 1 0
303 | 1 1 0 1 0
304 | 7 7 0 6 1

Table 14: Bibliography case 2 - Repaired missing is-a ratatio
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Our debugging leads to the detection of 25 missing is-aiogiain KOKO and 37
in MERO . These were repaired by the addition of 23 is-a refestin KOKO and 34 in

MERO.
number of| PRA -total | PRA - equivalence PRA - subsumption
concepts| mappings | mappings mappings
KOKO 32044 | - - -
MERO 1448 | - - -
- | 266 266 0

Table 15: ONKI ontologies network.

The loading of the ontologies and PRA took ca 12 minutes. Thaing time for
the detection algorithm was 140 seconds. Initially, we fiddri#ssing is-a relations for
KOKO and MERO each (Table 16). The running time for the getimmeaof repairing
actions was ca 100 seconds for KOKO and 1 second for MEROeTEbkhows the
results of the repairing. Most missing is-a relations weggaired by using the missing
is-a relation itself, 5 were repaired by a more informatipairing action and 2 were
repaired by repairing of others. After having repaired ¢hesssing is-a relations, we
found 1 new missing is-a relation for KOKO and 13 for MERO. Adw missing is-a
relations for MERO were between a sub-concepstip and shipitself. Most were
repaired by using the missing is-a relation itself and 2 wepaired by a more infor-
mative repairing action. The 2 more information repairitjans (cargo-ship, ship)
and (special-purpose ship, shifpgd to the repairing of 3 other missing is-a relations.
No more new missing is-a relations were detected after this.

Information about the sizes of the Source and Target setthémissing is-a re-
lations to repair is given in Table 17. Many of the larger Seuand Target sets were
related to is-a relations between a sub-concephgf andshipitself. For 10 missing
is-a relations in MERO and 1 in KOKO there was only 1 repaiideton. We used the
recommendation for all missing is-a relations. In 2 case®gerimformative repairing
action was recommended and these were accepted.

total equivalence| redundant| to repair
KOKO | 25(24) | 0 (0) 0 (0) 25 (24)
MERO | 37 (24) | 0(0) 0(0) 37 (24)

Table 16: ONKI - Missing is-a relations detected during theole debugging session. In parentheses the
missing is-a relations that are initially detected.

8. Discussion

8.1. Detecting missing is-a relations

In general, detecting defects in ontologies without thepsupof a dedicated sys-
tem is cumbersome and unreliable. In the experiments ewtlin this paper RepOSE
clearly provided a necessary support.
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total | 1 | 2-10 | 11-20| >20
KOKO - Source| 23 4 |19 0 0
KOKO - Target | 23 6 |14 2 1
MERO - Source| 34 26 | 8 0 0
MERO - Target | 34 11| 9 4 10

Table 17: ONKI - Sizes of Source and Target sets

total | explicitly | repaired | self | more
repaired | by others informative
KOKO | 25 23 2 21 | 2
MERO | 37 34 3 31 |5

Table 18: ONKI - Repaired missing is-a relations.

The detection of missing is-a relations as proposed in tapepis based on the
knowledge inherent in the network. This is both an advantagg a limitation. It
is advantageous that no external knowledge is needed. Howéere are also other
methods that may identify missing is-a relations. As we niot8ection 9, these ap-
proaches are complementary to our approach and could lggatee in a future version
of RepOSE.

Another advantage of our logic-based approach is, that guaranteed that all
missing is-a relations derivable from the network are foukdirther, the detection
algorithm is fast, with a running time of only 2 minutes foetAnatomy case.

A limitation of the approach described in this paper in gacts the assumption
that the existing structure in the ontologies and the mayspare correct. In general,
this assumption may not be satisfied. In this case missiageé$ations may be derived
based on wrong information in the ontologies. For instaimctie Anatomy and ONKI
experiments we found several missing is-a relations thgtmoébe correct. A solution
to this limitation is to consider the computed missing iglations agandidatemissing
is-a relations and introduce a validation step where a domgbert classifies these as
missing or wrong. The missing is-a relations are then tceatdhe same way as in
our approach, while the wrong is-a relations would lead telaudging opportunity for
removing wrong information from the ontologies or alignrgen

8.2. Generating repairing actions

As generating all possible structural repairs in generafeasible, our algorithms
support a number of heuristics. In Section 5.1 we have shawn dur algorithms
for generating repairing actions suppetts, <sgy and the single relation heuristic.
Further, by showing the is-a relations between the condepte Source and Target
sets, we have implicitly ordered the solutions for a miss$ag relation with respect to
<7.
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8.3. Executing repairing actions

RepOSE stores information about all changes made, and ¢empnd stores the
consequences. Again, without the support of a dedicataémythis is cumbersome
and unreliable.

Repairing influenced the number of repairing actions foepthissing is-a rela-
tions. For Anatomy, during the repairing process, for 25smig is-a relations in MA
and 11 in NCI-A the number of repairing actions changed. Rahef these missing
is-a relations the size of the Target sets increased while&Sthurce sets remained the
same. The increase of the number of possible repairingrectanged from 1 to 35
with average 8 in MA, and from 4 to 24 with average 12 in NCI-Ar Bibliogra-
phy case 1, there were no changes in the number of repairtrapador missing is-a
relations. For Bibliography case 2, in 101, for 1 missing islation the Target set de-
creased. For 304, for 1 missing is-a relation the Targeteatedsed and for 1 missing
is-a relation the Target set increased. The Source setsnedthe same.

Repairing also influenced the set of missing is-a relatitm#&natomy for MA 19
missing is-a relations were repaired due to the repairirgjtedr missing is-a relations,
in Bibliography case 2, there were 2 such is-a relations Iy 48d in ONKI there were
2 such relations for KOKO and 3 for MERO. For Bibliography eds there were no
changes in this respect.

Further, repairing leads to the further detection of migssaa relations. Regarding
Anatomy, we found 6 new missing is-a relations (of which 5dezkto be repaired) in
MA and 10 (of which 7 needed to be repaired) in NCI-A. In Bilgliaphy case 2 we
found 3 new missing is-a relations of which 1 needed to beimreghaln ONKI we found
1 new missing is-a relation for KOKO and 13 for ONKI. No new giigy is-a relations
were found in Bibliography case 1. New missing is-a relatiomy be derived when
more informative repairing actions are used and thus newrrimdition is added to the
network. If the missing is-a relation itself is used for riepay, the induced ontology
for the ontology network does not change and thus no newngj$sia relations would
be derived from the ontology network. A new round of detettiwerefore only needs
to be started when more informative repairing actions agelus

8.4. Recommending repairing actions

The recommendation algorithm computes the most inforraatpairing actions
that are supported by domain knowledge. We used the recodatien in the Anatomy
and ONKI experiments. In almost all cases the recommenuatas used.

8.5. User interface

For the experiments described in this paper, RepOSE was&sppnsive and in-
teraction with the user was easy.

The Source and Target set panels seem to be a convenient slagviaall possible
computed choices for repairing a missing is-a relation$ witplicit ordering with
respect to<;. For small ontologies all Source and Target sets are smaliginto
have a good visualization in the tool (e.g Bibliography ekpent). However, for
larger ontologies there will likely be some missing is-aatiens for which these sets
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are too large for a good visualization. For instance, in timatdmy experiment, this
happened for 27 missing is-a relations in MA and 10 in NCI-A.

Further, the visualization of the results of the recomméndaalgorithm is inte-
grated in the Source and Targets panels.

Visualization of the justifications (derivation paths) afgsible defects would be
helpful to have at hand as well as a graphical display of tissipte defects within their
contexts in the ontologies addressed. This has been addddtar version of RepOSE
and the usefulness was confirmed in work for the Swedish Naltifood Agency [26]
in which we debugged a toxicology ontology created by the disteNational Food
Agency based on an alignment to MeSH [45].

An identified constraint of RepOSE is the fact that adding i®lations not ap-
pearing in the computations in RepOSE can be a demandingtakitg. This could
happen, for instance, when a domain expert has identifiegsimgiis-a relation man-
ually. Currently, these changes need to be conducted inttodogyy files, but it would
be useful to allow a user to do this via the system.

8.6. Influence of additional ontologies and PRAs in the ngtwo

The Bibliography experiment allows us to investigate thituance of additional
ontologies and PRAs in the network. Indeed, the small nedsvior Bibliography case
1 are sub-networks of the network in Bibliography case 2.

When we compare the results of Bibliography cases 1 and 2, weenthat for
301, 302 and 303 the same missing is-a relations are fouraladditional information
given by the connections to the other ontologies than 10d nbanfluence in this case.
For 304, however, we find 3 additional missing is-a relationsase 2. For 101, we
find for the four networks in case 1 together, 11 missing istations that need to be
repaired. For case 2 we have 2 equivalence relations andsthgiis-a relations that
need to be repaired. Of the 11 missing is-a relations in cabefe are 2 corresponding
equivalence relations in case 2. Of the remaining 9, 8 alpeapin case 2. The last
missing is-a relation in case 1 (that was found in 101-302¢dsindant in case 2 as it
can be derived by combining knowledge from 304 with knowkeffgm 101 and 302.
The experiment shows thus that debugging a network (e.gfiih@ntologies in the
experiment) gives better results than debugging only fafteonetwork (e.g. two of
the ontologies).

9. Related Work

9.1. Debugging missing is-a relations
There is not much work on debugging is-a relations in netedmntologies.

9.1.1. Detecting missing is-a relations

The work closest to our own is [4], in which the authors dedhwie missing is-
a relations as ontology nonalignments in the context of logtoenrichment. Given
two pairs of terms between two ontologies which are linkedhsysame kind of re-
lationship, if the two terms in one ontology are linked by arairelation while the
corresponding terms in the other are not, it is deemed as aligoment. However,
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the authors note that, depending on the specific relatipnabt all nonalignments are
defects and there is no conclusive solution for repairingrther, in [38] the use of a

PRA in the setting of ontology alignment is discussed. Onth@fpproaches includes
detecting missing is-a relations by using the structurédefdntologies and the PRA.
Missing is-a relations are found by looking at pairs of eglémce mappings. If there
is an is-a relation between the terms in the mappings belgngi one ontology, but

there is no is-a relation between the corresponding terriwiother ontology, then it

is concluded that an is-a relation is missing in the secotology. The detected miss-
ing is-a relations are then added to the ontologies befaréirgg the actual alignment
process.

Detecting missing is-a relations may be seen as a specabtdstecting relations.
There is much work on finding relationships between term$&iéndntology learning
area [7]. In this setting, new ontology elements are derfv@ah text using knowledge
acquisition techniques. There is, however, also work $igadly focused on the dis-
covery of is-a relations. One paradigm is based on lingissiising lexico-syntactic
patterns. The pioneering research conducted in this liime[&3], which defines a set
of patterns indicating is-a relationships between wordh@ntext. However, depend-
ing on the chosen corpora, these patterns may occur ratelys, Though the approach
has a reasonable precision, its recall is very low. To ovarcthis, an approach pro-
posed in [9] collects a corpus from the World Wide Web usingp@e and identifies
patterns from this collective knowledge. An evaluation art&nsion of this work is in
[62]. In [12] the authors propose an approach for detectefgats within an ontology
based on patterns and antipatterns. Another paradigm exdbas machine learning
and statistical methods, such as k-nearest neighbors agp{d2], association rules
[43], bottom-up hierarchical clustering techniques [&tpervised classification [60]
and formal concept analysis [8]. In contrast to the apprategcribed in this paper,
these detection approaches using knowledge external wethrk, while our detec-
tion method uses the ontology network itself as the domainedge for the detection
of is-a relations. Our approach is also able to deal with iplelbntologies at the same
time rather than a single ontology. However, these detectproaches are comple-
mentary to ours, and results from them, after validationjadde used as supplement
to the domain knowledge or for repairing.

9.1.2. Repairing missing is-a relations

Most approaches just add the detected missing is-a resdibahe ontologies. This
is, in our context, the simplest kind of structural repatregsentially means that after
removing redundancy the least information-preferred ) solution is chosen.

The work in [39] focused on repairing a given set of missing ielations in &ingle
ontology. The work contains algorithms for generatingpramending and executing
repairing actions. However, there is no investigation ow ho detect missing is-a
relations using networked ontologies and no attempt to fawd missing is-a relations
during the repairing. The work in this paper can be seen agtangon of the work in
[39] in two ways. A first extension is that we deal with a netlwof ontologies. The
second extension is that the algorithms for generatingymeeending and executing
repairing actions described in this paper are extensiomniseoflgorithms in [39] that
can be used for single ontologies when a set of missing ifatiaes is given.
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In [37] algorithms are proposed to generate different waygpair the missing is-
a structure in single ontologies that can be representetiiasacyclic terminologies.
The algorithms are based on a tableau-based algorithmtfefighility checking with
unfolding on demand as well as our Source and Target set®agpr The current
implementation is, however, only feasible for small ongis.

9.2. Other relevant topics

In this subsection we describe work that addresses relapeckt although not the
actual problem described in this paper.

9.2.1. Debugging semantic defects

Most of the work in ontology debugging has addressed semdetécts and aims at
identifying and removing logical contradictions, i.e. imsistencies and incoherencies,
from an ontology. Standard reasoners are used to idensgfgxfstence of a contradic-
tion, and provide support for resolving and eliminatingli6]. Most work focuses on
single and isolated ontologies, and there is little supfarbntologies connected by
mappings [20].

In [54] minimal sets of axioms are identified which need to &moved to render
an ontology coherent. In [35, 34, 33] strategies are desdffitr repairing unsatisfiable
concepts detected by reasoners, explanation of errofdntparroneous axioms, and
generating repair plans. Strategies for reducing the geigdible solutions are given in
[47, 5]. In [21] the focus is on maintaining the consistensytta ontology evolves. It
formalized the semantics of change for the OWL ontologiespaogosed methods for
detecting and resolving inconsistency at three differevetls. An interactive approach
for ontology debugging is presented in [56]. Complexityissare discussed in [50].

In [44] and [29] the setting is extended to repairing ont@sg-onnected by map-
pings. In this case, semantic defects may be introducedtegriating ontologies. Both
works assume that ontologies are more reliable than the imggpnd try to remove
some of the mappings to restore consistency. The solutimeftéen based on the
computation of minimal unsatisfiability-preserving setsyanimal conflict sets. The
work in [52] further characterizes the problem as mappingsien. Another approach
for debugging mappings is proposed in [63] where the autfoanss on the detection
of certain kinds of defects and redundancy. Using the thebhelief revision [22],
it gives a rationality analysis for the logical propertidgtte revision algorithms. The
approach in [30] deals with the inconsistencies introduogdhe integration of on-
tologies, and unintended entailments validated by the Userther, the work in [27]
addresses the detection and repair of missing and wrongeki##ons and mappings.
The repairing of missing is-a relations in that system iseldam the basic algorithm in
this paper. The approach was used for the alignment and detyugf ontologies for
the Swedish National Food Agency [26].

There has been some work in the area of modular ontologigsistrelevant for the
problem discussed in this paper. Modular ontologies careba as a set of local on-
tologies that are connected by directional mappings, wareltalled bridge rules, and
where the intuition is that an ontology can import knowledigen another ontology.
The mappings are often equivalence and subsumption netatibhe main difference
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with the mappings in our ontology networks is that thesedwiclles are directional.
This means that knowledge propagation only occurs in orectian. Regarding the
detection of semantic defects, within a framework basedstnilouted description log-
ics, it is possible to restrict the propagation of local insistency to the whole set of
ontologies (e.g. [55]).

9.2.2. Debugging modeling defects

The properties of is-a can be used for detecting modelingatef For instance,
as mentioned in the introduction, based on the notions attige rigidity and depen-
dence, not all is-a relations in existing ontologies makesed19]. These is-a relations
can be detected by checking these properties. In [59] shakwonantic representations
are constructed for the concepts in the ontologies and fgpotheses regarding the
semantic representations and the is-a relation are prd@osktested. Three of the hy-
potheses were confirmed in the tests. The authors claimhbairbposed hypotheses
can be used for detection of inappropriate is-a relations.

In [36] two reasoning services are proposed for detectingsfia OWL property
expressions. The defects relate to the property is-a loleyatiomain and range axioms
and property chains.

9.2.3. Logic-based approaches

Logic-based abduction. The generation of repairing actions in this paper can be
seen as an abductive problem. A general description of tblelgm of logic-based
abduction is the following [13]. Given a logical theory T fioalizing a domain, a
set M of atomic formula describing manifestations and a sef fdrmulae containing
possible hypotheses, find an explanation S for M such thkaHand TU S is consistent
and logically entails M. In our case, the domain theory T widug represented by the
union of the ontologies. The manifestations in M are the imiggs-a relations. The
set H contains all is-a relations between concepts wittérsime ontology that are not
derivable from the ontology network. Further, preferercg is essentially the subset
or irredundancy criterion that is often used in logic-baabkduction.

In general, finding all or multiple solutions is a hard probl§l4]. In our set-
ting, for generating repairing actions, we compute mudtipblutions that satisfy the
constraint that for every element in M, this element occniS or there is a more infor-
mative element in S (single relation heuristic in Sectid).2This constraint disallows
solutions for which a missing is-a relatida, b) would be repaired by the combination
of new is-a relationga, 1), (x1,x2), ..., (2%, b); and thus reduces the search space
drastically. For our application, this is, however, a resdne assumption. Further,
we do not require minimality according t& 4 and < sy during the generation, but
do an additional check when it is needed. A consequence séttlgoices is that our
algorithms perform well in practice and response times ip@ReE are low.

Recently, for single ontologies it has been shown in [37 the problem of finding
possible ways to repair the missing is-a structure in anlogyoin general can be
formalized as a generalized version of the TBox abductioblem as follows. Given
a knowledge base KB in language concepts ¢ D, for 1 <i < m, that are satisfiable
w.rt. KB, and such that KBJ { C; — D, | 1 <i < m} is coherent. Then a solution
to the generalized TBox abduction problem for (KBC;, D;) | 1 < i < m}) is any
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finite set &+ = {G,; — H, | j < n} of TBox assertions i’ such that/ i: KB U Sgr
E C; — D;. In our setting the languagesand £’ only allow namedconcepts and we
only consider is-a relations between those concepts. TheXare the missing is-a
relations within the ontology. A solutiongg is a structural repair.

There is very few work related to TBox abduction. The work2d][proposes an
automata-based approach to TBox abduction using abduepessenting axioms that
can appear in solutions. It is based on a reduction to therapiopointing problem
which is then solved with automata-based methods. A PTIMj@rihm is proposed
for the language L.

Belief revision. From the perspective of belief revision [2, 17], our repairap-
proach could be deemed as an instantiation of belief expan#i accommodates the
structural repair as a new piece of information, and adds thé ontology without
checking consistency. Since in our setting the ontologiegain only named concepts
and subsumption axioms, our repairing approach does motlimte logical contradic-
tions.

9.2.4. Ontology engineering

Ontology engineering deals with the ontology developmeatgss, the ontology
life cycle, and the methodologies, tools and languagesdiding ontologies [18}°.
There are several ontology engineering methodologies awera of these are re-
viewed in, for instance, [32, 11, 57]. The methodologiesehlagen developed based
on experiences in different areas. There are also methodsddular ontology devel-
opment (e.g. [49]).

According to [18] a methodology should define the activitiesnagement (which
includes a feasibility study - pre-development), develeptr{which includes domain
analysis, conceptualization and implementation) and etprhich includes mainte-
nance and use of the ontology - post-development). Sevethéanethodologies are
developed with a particular application in mind [32, 11] &inel feasibility study would,
for instance, answer the question whether the applicatmmdwenefit from using an
ontology. Most of the methodologies cover the developmeatess, although the
actual instantiation of the different steps may differ. Bmanalysis may cover such
things as developing scenarios and competency questiotite tonceptualization step
domain terms are identified and possibly definitions froneotintologies can be inte-
grated. The implementation phase can include a formatizafihe post-development
activities include adaptation of the ontology accordingiéw requirements and using
the ontology in applications. Unfortunately, althoughréhbas been work on method-
ologies for several years, the existing methodologies arget mature from a software
engineering point of view [11]. They lack some project masmagnt processes, ontol-
ogy development-oriented processes or integral processes

As discussed in [32], many of the existing methodologieslsaparate stages in
which first an informal description of the ontology is deye#d and then the ontology
is represented in a formal knowledge representation lageyushe debugging that we
propose in this paper would take place after the representaf the ontology in a

131 this book the term 'ontological engineering’ is used.
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formal knowledge representation language. We would afgaiedebugging should be
an iterative and integrated part of the implementation efé¢he development phase.
The study in [57] collected data using interviews and qoesiaires from 148 on-
tology engineering projects from industry and academiaifierént areas such as in-
formation systems, commerce, multimedia and tourism. Thend that the larger
projects used a methodology and among those METHONTOLOG¥m@st popular.
Two of the major findings in the study were that there is notmeth tool support
and tool support for the different steps in the methodolegies deemed necessary
both for the development of ontologies as well as for gaimrage acceptance for the
methodologies. Further, quality of the developed ont@sgs a major concern. Most
projects did minor testing but tools for aiding in ontologyakiation may result in
major efficiency gains. The work in this paper addresse®tbescerns at their core.

10. Conclusion

Semantically-enabled applications require high-qualityologies and a key step
towards this is the debugging of the ontologies. In this pape have focused on
one of the important kinds of defects in ontologies, namieé/mhodeling defects, and
in particular, defects in the is-a structure of ontologigs Section 1 we have shown
the influence of missing is-a relations on the quality of tesults of semantically-
enabled applications. We have also shown that missing édagigns are a common
problem (e.g. our experiments) even in small ontologig¢kpalh this has not received
much attention yet. It is clear that tool support for debaggs needed and this paper
presents a first step towards this. Later, ontology debuggialy become an integrated
part of ontology engineering and become a natural part pEsteontology engineering
methodologies.

In this paper we have proposed an approach for debugging idsng is-a struc-
ture of ontologies that are networked by a set of PRAs. We e@@fimportant notions
and developed algorithms for detection and repair of migiira structure of ontolo-
gies. We also implemented a system and described and déscagperiments using
ontologies from the OAEI and ONKI. We have shown that systappsrt for detec-
tion and repairing of missing is-a relations is needed. Quor@ach is logic-based
using knowledge that is inherent in the ontology network.e Bpproach guarantees
to find all logically derivable missing is-a relations. Fhet, as generating all possible
structural repairs is infeasible and not very useful, oggrapch finds structural repairs
that satisfy reasonable heuristics 4, <sx and the single relation heuristic). The
extended algorithm also shows influences between the migsia relations and their
solutions. Further, the solutions for a missing is-a relaire ordered with respect to
<1 and our recommendation algorithm recommends among thesadbt informa-
tive that are supported by domain knowledge. Our approatitei§irst that allows to
add new knowledge to the ontologies in the repairing phasesing more informative
repairing actions. The visualization of the possible repgiactions, their ranking and
the recommendation was very useful.

The approach and system have, however, some limitationshwhkijuire further
work. Our detection algorithm is based on the knowledgerietigin the network, but,
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there are methods that use external knowledge. As theseatias are complemen-
tary to our approach, they could be integrated in a futursigarof RepOSE. Further,

we assume that the existing structure and mappings arector the case where
this does not hold, we need to deal with semantic defectsibdtie structure and in

the mappings. As discussed before, the detection algositbuid generate candidate
missing is-a relations which need to be validated by a doregpert. A candidate

missing is-a relation validated to be correct would be &edah the same way as in
this paper. A candidate missing is-a relation validatedetevbong would be based on
wrong information in the ontologies or PRAs and lead to thiect&oon and repairing

of semantic defects. We would also need to investigate Iplessifluences between
semantic defects and modeling effects. Regarding visatadiz we want to add justifi-

cations of missing is-a relations as well as the possitfiityisers to add their manually
detected missing is-a relations.

Further, we are interested in investigating the followisgpies. One issue is to deal
with ontologies represented in more expressive repreemttanguages. The tech-
nigues described in this paper may be partly used for thetsdoges, but a number of
side conditions (such as the consequences of negation sjpehthiess) will need to be
taken into account. Further, with the availability of morelanore Linked Open Data
(LOD), itis interesting to investigate how this can be usethe debugging process. It
would be possible to use the LOD as instances of concepteg iarttologies for detec-
tion of missing is-a relations. The detection could be bageskt inclusion or based on
similarities between concepts that take into account thiites (e.g. [61]). The LOD
could also be used for validation. We also want to find waygptotze the generation
of results. For instance, for large ontologies the genamadif structural repairs may
take a lot of time, and we want to investigate ways to partitiee set of missing is-a
relations into subsets that can be processed independgvighalso want to study the
influence between repairing actions. For instance, it mambee important to repair
the top level in the ontology first and in this case, the ragkipproach should reflect
this.
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Appendix

Missing is-a relation:is-a relation that should be in the ontology according to
the domain model, but is not. Only used when explicitly state

Missing is-a relation derivable from the ontology networkissing is-a relation
that is detected by using the domain knowledge inherentdmtitology network
(see Definition 4). Unless explictly mentioned, when usimigsing is-a relation’
in the paper, we mean this kind.

Regarding detection, we refer to:
Initially detected missing is-a relationmissing is-a relation detected by running
the detection algorithm before any repairing is done.
Additionally detected missing is-a relation missing is-a relation detected later|
in the debugging processissing is-a relation detected by running the detection
algorithm after some repairing is done.

Regarding repairing, we refer to:

Missing is-a relation for which the domain expert explicékelected a repairing
action: the repairing is done by the domain expert through the deteof a
solution from Sourcex Target.

Missing is-a relation that was repaired through repairingtimns of other missing
is-a relations:the missing is-a relation became derivable after otheringss
is-a relations were repaired, and therefore did not need &xplicitly repaired.

Table 19: Missing is-a relations - terminology.
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