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Abstract. Developing ontologies is not an easy task and often the resulting on-
tologies are not consistent or complete. Such ontologies, although cfful,u
also lead to problems when used in semantically-enabled applicationsgWron
conclusions may be derived or valid conclusions may be missed. Tonitea

this problem we may want to repair the ontologies. Up to date most work has
been performed on finding and repairing the semantic defects suaisatsti-

able concepts and inconsistent ontologies. In this paper we tackle tHemprob
repairing modeling defects and in particular, the repairing of structatations
(is-a hierarchy) in the ontologies. We study the case where missing lations

are given. We define the notion of a structural repair and developitlger to
compute repairing actions that would allow deriving the missing is-a relaitions
the repaired ontology. Further, we define preferences betweemmsiepée also
look at how we can use external knowledge to recommend repairinghadto

a domain expert. Further, we discuss an implemented prototype and iesuse
well as an experiment using the ontologies of the Anatomy track of the @ytolo
Alignment Evaluation Initiative.
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1 Introduction

Developing ontologies is not an easy task and often the tiegubntologies are not
consistent or complete. Such ontologies, although oftefulisalso lead to problems
when used in semantically-enabled applications. Wrong losiuns may be derived
or valid conclusions may be missed. Defects in ontologiestede different forms
(e.g. [7]). Syntactic defects are usually easy to find anckesolve. Defects regarding
style include such things as unintended redundancy. Mteedsting and severe defects
are the modeling defects which require domain knowledgesteal and resolve, and
semantic defects such as unsatisfiable concepts and istmntsintologies. Most work
up to date has focused on finding and repairing the semarféctdén an ontology (e.g.
[13,7,6,5]). Recent work has also started looking at réapasemantic defects in a set
of mapped ontologies [4] or the mappings between ontolabemselves [11].



In this paper we tackle the other difficult problem, i.e. tepairing modeling de-
fects. In particular, we focus on the repairing of strudtuesations (is-a hierarchy) in
the ontologies. In this setting it is known that a number ¢émuled is-a relations are
not present in the source ontology. The missing is-a relat@an be discovered by in-
spection of the ontologies by experts or they can be gerelgt@automated tools. For
instance, in the case of task 4 in the Anatomy track in the ZD6®logy Alignment
Evaluation Initiative (OAEI) [10], two ontologies, Adult Muse Anatomy Dictionary
[1] (MA, 2744 concepts) and the NCI Thesaurus - anatomy [NETI€A, 3304 con-
cepts), and 988 mappings between the two ontologies ara.d&sed on the structure
of the source ontologies and the given mappings, it can beedithat 178 is-a relations
in MA and 146 in NCI-A are missing.

Once missing is-a relations are found, the problem is to addrelations (or sub-
sumption axioms) to the ontology such that the missing islations can be derived.
Although the easiest way to do this, is to just add the missrayrelations, this may
not be the most interesting solution for the domain expet.ifstance, in MA an is-a
relation betweenvrist joint andjoint is missing and could be added to the ontology.
However, knowing that there is an is-a relation betwesist joint andlimb joint in
MA, a domain expert may want to add an is-a relation betwiaeh joint andjoint.
This is more informative and would lead to the fact that thegimg is-a relation can be
derived. In general, such a decision is preferably made lyn@ath expert. Therefore,
in this work, we develop algorithms to generate and reconthpessible ways to repair
the structure of the ontology and develop a tool that allowemain expert to repair
the structure of an ontology in a semi-automatic way.

In section 2 we formally define the notion of structural rep&s not all possible
ways to repair an ontology are equally useful, we also defimenaber of preference re-
lations between repairs. Section 3 describes our algosifonrgenerating, recommend-
ing and executing repairing actions. Our prototype systecis use are described in
section 4. Further, we discuss experiments on repairing MAMCI-A in section 5.
Related work is presented in section 6 and the paper corglandgection 7.

2 Theory

The setting that we study is the case where the ontology isatkfising named concepts
and subsumption axiorhsMost ontologies contain this case and many of the most
well-known and used ontologies, e.g. in the life sciences,cavered by this setting.
We therefore use the following definition.

Definition 1. Let O = (C, Z) be an ontology witlC its set of named concepts afid
C C x C a representation of its is-a structure. L&t C C x C be a set of missing is-a
relations (i.e.M represents a set of missing subsumptiom axiomsfrustural repair
for the ontology® with respect taM is a set of pairs of concep® C C x C such that
foreach (A, B;)) e M: (C,ZUR) =A; — B,.

L A number of these are actually redundant. For instance, it may be thext veipairing one
missing is-a relation, others are repaired as well. Using this propertymen#ve 57 missing
is-a relations from MA (with 121 remaining) and 63 from NCI-A (with 83 r@ning).

2 |n this paper we denote subsumption axioms often usind\ — B means that A is-a B.



The definition states that a structural repair of an ontolgggn a set of missing
is-a relations, is a set of is-a relations such that whereties relations are added to
the ontology, then all missing is-a relations can be derfuach the extended ontology.
The elements in a structural repair we aafpairing actions

An immediate consequence is that the set of missing is-taefais itself a struc-
tural repair. Another consequence is that adding is-aioelato a structural repair also
constitutes a structural repair.

Not all structural repairs are equally useful or interegtior a domain expert. To
deal with this issue we introduce a number of preferencéioals

In some structural repairs there may be is-a relations thatad contribute to the
derivation of the missing is-a relations. In other struatuepairs some of the is-a rela-
tions may be derivable from the other is-a relations in thecstiral repair and therefore
redundant. For example, the missing is-a relation betwaést joint andjoint can be
repaired in MA by adding the is-a relation betwdienb joint andjoint. In that case, the
missing is-a relation betweesibow joint andjoint is also repaired since there is a is-a
relation betweemlbow joint andlimb joint. Therefore, an is-a relation betweeltvow
joint andjoint in the structural repair is redundant. The first preferemetation prefers
not to use these redundant or non-contributing is-a relatior repairing.

Definition 2. Let R, andR5 be structural repairs for the ontolog§ with respect to
M, thenR, is axiom-preferred td, (notationR; < 4 Rso) iff R4 C Ro.

As discussed in the introduction, just adding the missirayriglations, is not always
the most interesting solution for the domain expert. Fotainse, repairing the missing
is-a relationwrist joint andjoint by adding an is-a relation betwelmb joint andjoint
may be more informative. When one is-a relation can be derfrn@d another in the
context of the ontology, we say that the second is-a relasianore informative than
the first. The second preference relation prefers to usefasriative is-a relations as
possible for repairing.

Definition 3. We say that (XY;) is more informative than (XY-) iff Xo — X; and Y,

— Ys. LetR; andR, be structural repairs for the ontolog® with respect toM. Then
R is information-preferred tde, (notationR; <; Ro) iff 3 (X1,Y1) € R1, (X2,Ys) €

Ro: (X1,Y1) is more informative than (XY:).

Further, some structural repairs may introduce equivaertations for concepts
which were only connected by an is-a relation in the origorablogy. Although such
a structural repair may result in a consistent ontology thiusually not desired from
a modeling perspective. For example, in MA we have is-aigeiatbetweerposterior
communicating artery andartery, and betweemommunicating artery andartery.
However, there is a missing is-a relation betw@esterior communicating artery
andcommunicating artery. This could be repaired by adding an is-a relation between
artery andcommunicating artery. However, this also introduces an equivalence be-
tweencommunicating artery andartery. The third preference relation prefers not to
change is-a relations in the original ontology into equévale relations.

Definition 4. Let R, and R, be structural repairs for the ontolog® = (C, Z) with
respect taM. ThenR, is strict-hierarchy-preferred t&, (notationR| < sy Ro) Iiff



Input:
Source ontology, missing is-a relations.
Output
Repairing actions.
Algorithm
1. Initialize KB with ontology;
2. For every missing is-a relation {/;): add the axiom A— B; to the KB;
3. For each (A B;):
3.1 Source(A B;) := super-concepts( - super-concepts(;
3.2 Target(A, B;) := sub-concepts(B - sub-concepts(4;
4. Missing is-a relation (A B;) can be repaired by choosing an element
from Source(A, B;) x Target(A, B;).

Fig. 1. Algorithm for generating repairing actions - 1.

JA,BeC:(C,I)EA—Band(C, 7). B—Aand C,ZUR ) EB—Aand (C,Z
URQ)':BHA

In general, we would want structural repairs that are mabkynpaeferred.

Definition 5. A structural repairR for the ontology® with respect toM is maximally
preferred with respect to the preference relatieniff for all structural repairsR, for
O with respect toM it holds that ifR; < R thenR <« R.

3 Repairing the structure of an ontology

A naive way to compute all possible structural repairs wdagdo take all sub-sets of
C x C and for each sub-set, add its elements as is-a relations tntiology and check

whether the missing is-a relations can be derived. This psactice infeasible as it re-
quires checking too many cases. Even for small ontolodiesnbt practical as domain

experts usually deal with one or a few missing is-a relatadrestime, rather than choos-
ing between large sets of possible repairs including alsmggis-a relations. Therefore,
we develop algorithms that generate possible repairirigrecfor the missing is-a re-

lations, taking into account the preferences defined in@e@ We also provide an

algorithm that recommends repairing actions. The user loam $elect a missing is-a
relation to repair (and we rank these in terms of the numbguosEible repairing ac-

tions). Further, we developed an algorithm that, upon tipairang of a missing is-a

relation, detects for which missing is-a relations the $e¢pairing actions needs to be
updated, and updates these.

3.1 Generating repairing actions

Algorithm 1 In our first algorithm (see figure 1), when generating repgigctions for

a missing is-a relation, we take into consideration thatrafising is-a relations will

be repaired, but we do not take into account the actual riegaéctions that could be
performed for other missing is-a relations.



In the algorithm we store the ontology in a knowledge baseattithe missing
is-a relations to the ontology. As we know that these shoalddrivable in the repaired
ontology, adding them introduces the desired new connextibhen, we generate cor-
rect ways to introduce more informative is-a relations thauld allow us to derive the
missing is-a relations. Therefore, for a repairing acti8nT;) regarding missing is-a
relation (A, B;) we require that A— S; and T, — B; (preference; in definition 3).
This also ensures that we only compute repairing actiorisatiearelevant for repairing
the missing is-a relations (preferenge, in definition 2.) At the same time we do not
want to introduce new equivalence relations, where in tiuecgontology we have only
is-a relations (preference& sy in definition 4). This is realized by the selection of the
elements in the Source and Target sets.

The proposed repairing actions for a missing is-a relation B;) all lead to the
derivation of (A, B;) in the extended ontology. In general, a user may repair tib@-0
ogy by choosing for each missing is-a relation,(B;) an element from Source(AB;)
and an element from Target(AB;). However, as we have not taken into account all in-
fluences of possible repairing actions for other missingliskations, a better strategy is
to repair one missing is-a relation and recompute repaaations for the other missing
is-a relations in the partially repaired ontology.

Fig. 2. Example 1.

As an example, consider the case presented in figure 2, where (C1, Z;) is
an ontology with concept§; = {1, 2, 3, 4, 5, 6, ¥ and is-a relations (shown in full
lines in figure 2)7; = {(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 fleenents inZ;.) The set of
missing is-a relations (shown in dashed lines in figure 2Vis = {(5,4), (3,2}. The
algorithm will then generate the following Source and Tasggs: Source(5,4) £5, 3,
2,1, 4 - {4, 1} ={5, 3, Z; Target(5,4) ={4, 6, 7, 5 - {5, 7} = {4, 6}; Source(3,2)
={3,2, I - {2, 1} = {3}; Target(3,2) ={2, 3,5, % - {3, 5, 7} = {2}. For missing
is-a relation (3,2) the only generated repairing actiorBj), For missing is-a relation
(5,4) any of the repairing actions (5,4), (5,6), (3,4), {3(8,4), (2,6) together with (any
of) the generated repairing action(s) for (3,2) leads todiévation of the missing is-
a relation (5,4) in the extended ontology. The example aigovs the importance of
initially adding the missing is-a relations to the knowledgase. The possible repairing
action (2,4) for missing is-a relation (5,4) would not be gierted when we do not take



Input:

Source ontology, missing is-a relations.

Output

Repairing actions.

Algorithm

1. Initialize KB with ontology;

2. For every missing is-a relation; A~ B;:
2.1 create new concepts &nd Y; in the KB;
2.2 add the axioms A— X;, X; — Y;, Y; — B, to the KB;

3. For each (A B;):
3.1 Source-ext(A B;) := super-concepts(A - super-concepts(;
3.2 Target-ext(4, B;) := sub-concepts(B - sub-concepts(};

4. Missing is-a relation (A B;) can be repaired by choosing an original ontology element
from Source-ext(A B;) and an original ontology element from Target-ext(B;).

Fig. 3. Algorithm for generating repairing actions - 2.

into account that missing is-a relation (3,2) will be repdit 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 ins@nadding (1,4) would lead to
the fact that missing is-a relation (5,4) would be derivabléhe extended ontology, but
also leads to making 1 and 4 equivalent.

Algorithm 2 Our second algorithm for finding repairing actions for a jsatar
missing is-a relation (see figure 3) takes into account inftee of other missing is-a
relations that are valid for all possible choices for reipgiactions for the other missing
is-a relations. The difference between the basic algorghihour extended algorithm
occurs mainly in steps 2 and 3. Instead of adding the misstag¢lations to the knowl-
edge base, in the extended algorithm we introduce for eashkimgj is-a relation (A
B,) two new concepts Xand Y; in the knowledge base as well as the axioms-A
X X = Y4, Y — Bl (X5, Y;) satisfies the requirements that each possible repairing
action for (A, B;) should satisfy. As they are new concepts in the knowledge lthe
properties and relations of; Xrespectively Y, to other concepts in the knowledge base
represent the properties and relations that are commoretsairce concepts, respec-
tively target concepts, of the possible repairing actiars(A;, B;). The Source and
Target sets are now computed relative to theaXd ;.

As an example, consider the case presented in figure 4, where(Cs, Z5) is an
ontology with concept§, = {1, 2, 3, 4, 5, 6, 7, 8, 9, I0and is-a relations (shown in
full lines in figure 4)Z, = {(7,6), (6,5), (5,2), (2,1), (7,4), (10,4), (10,9), (9,83,3),
(3,1), (4,1}. (As before I, represents the is-a hierarchy and thus also all is-a rektio
derived from the elements if,.) The set of missing is-a relations (shown in dashed

3 So this means that repairing one is-a relation may influence the repaitiiogsaéor other
missing is-a relations. However, whgeneratingrepairing actions in algorithm 1 the only
influence that is taken into consideration is the fact that missing is-a relaiensr will be
repaired (least informative repairing action), but not the actuals{plysmore informative)
repairing actions that could be performed.



Fig. 4. Example 2.

lines in figure 4) isMs = {(5,4), (8,4}. The algorithm in figure 1 will then generate
the following Source and Target sets: Source(5,4)5x4, 1, 2 - {4, 1} = {5, 2};
Target(5,4) ={4, 8,9, 10,5, 6, 7- {5, 6, 7} ={4, 8, 9, 1¢; 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, %.

The extended algorithm in figure 3 will add the nodes x1, y1,y2and the is-a
relations 5— x1,x1—yl,yl— 4,8— x2,x2— y2, and y2— 4 (shown in dotted lines
in figure 4). It then generates the following Source and Tasgts: Source-ext(5,4) =
{5,4,1,2,x1,y3-{4,1,x1,y3} = {5, 2}; Target-ext(5,4) 44, 8, 9, 10, 5, 6, 7, x1, y1,
x2,y2}-4{5,6,7,x1,y} ={4,8,9, 10, x2, y2; Source-ext(8,4) 8,4, 1, 3,x2,y2 -
{4,1,x2,y2 = {8, 3}, Target-ext(8,4) {4, 8,9, 10, 5, 6, 7, x1, y1, x2, y2 {8, 9, 10,

x2,y2} ={4,5,6,7,x1, y}. The sets generated by the extended algorithm indicate that

there is an influence between the two missing is-a relationleed, when a choice is
made for repairing the first missing is-a relation, we hawepsally added equivalence
relations between x1, respectively y1, and concepts inth@agy. The appearance of
x1 and y1 in the Target-ext set for the second missing isatiogl indicates that the
concept chosen to be equivalent to x1 (and all concepts bettins concept and 5) are
now also candidates for the Target for the second missiagrédation. For example,
when choosing (2,4) as a repairing action for missing islation (5,4) then (3,2) is a
possible repairing action for missing is-a relation (8,4).

Similarly to the basic algorithm, the proposed repairintjcas for a missing is-
a relation (A, B;) all lead to the derivation of (A B;) in the extended ontology. In
general, a user may repair the ontology by choosing for easkimg is-a relation (A
B;) an element from Source(AB;) and an element from Target(AB;). However, as
the algorithm only takes into account influences that arenrsomto all possible choices
for repairing actions, a user may want to repair one missragrielation and recompute
repairing actions for the other missing is-a relations.

3.2 Recommending repairing actions

As there may be many possible repairing actions, we devetogthod for recommend-
ing repairing actions based on domain knowledge. We asshateve can query the
domain knowledge regarding subsumption of concepts. Tawerseveral such sources
such as general thesauri (e.g. WordNet) or specialized especific sources (e.g the
Unified Medical Language System). In our algorithm (see Bdyrwe generate recom-
mended repairing actions for a missing is-a relation stgrftiom the Source and Target



Input:
domain knowledge, source ontology, missing is-a relation B3),
Source and Target for the missing is-a relation as computed by algoritfiguie 1.
Output
Recommended repairing actions.
Algorithm
Global Variable visited: stores already processed repairing actions.
Global Variable recommended: stores recommended repairing actions.
1. Setvisited = {(Az, Bz)},
2. Setrecommended = {(A;, B;)};
3. SetX. = {z. : z. € Source(A, B;) A Vz € Source(A, B,): if z. — x thenz = z.};
4. SetY. = {y. : y. € Target(A, B;) A\ Vy € Target(A, B;): if y — y. theny =y };
5. For each paifz., y.) € X. x Y.: call QCheck (z., y.);
6. Returnrecommended;
Function QCheck( concept x, concept y)
i. If (x,y) € visited then return;
ii. Add (z,y) to visited;
ii. If 3 (zr,yr) € recommended: © — x, A y» — y then return;
iv. If z is a sub-concept aqf according to the domain knowledge then
Remove all(z,, y,-) from recommended for whichz, — z andy — y,;
add(zx, y) to recommended,
else
Let Ys., be the set of direct super-conceptgof
For eachys € Y.up N Target(A, B;): call QCheck (z, ys);
Let X, be the set of direct sub-conceptsuof
For eachrs € X, N Source(A, B;): call QCheck (zs, y);

Fig. 5. Algorithm for recommending repairing actions.

sets generated by the algorithm in figufe The algorithm selects the most informative
repairing actions that are supported by evidence in the dokmawledge. The variable
visited in the algorithm in figure 5 keeps track of already processediring actions.
The variablerecommended stores recommended repairing actions at each step and its
final value is returned as output. It is initialized with théssing is-a relation itself. This
is the least informative repairing action that can be pengx for repairing the missing
is-a relation. Steps 3 and 4 compute theXsgbf maximal elements with respect to the
is-a relation in the Source set and the Betof minimal elements with respect to the
is-a relation in the Target set. The elements ft&nx Y, are then the most informative
repairing actions. For each of these elementg)(we check whether there is support in
the domain knowledge in step 5. Steps i and ii in the functi@h€ck do bookkeeping
regarding the already processed repairing actions. Stapsures that we do not add
recommended is-a relations that are less informative th@ar®already recommended.
In step iv we check whether there is support in the domain kedge for the repairing
action. If so, then the repairing action is recommended #heiss informative repairing

4 We have also extended the algorithm in figure 5 to deal with Source anetEaig derived by
the algorithm in figure 3.



actions are removed from the recommendation set. If not, Wweecheck whether there
is support in the domain knowledge for the repairing actittrag are less informative
than ,y). Among these we start with the most informative repairiogoms.

3.3 Executing repairing actions

When a user has chosen a repairing action for a particulaimgigsa relation, it may
influence the set of possible repairing actions for othesimésis-a relations. Therefore,
the repairing actions for the other missing is-a relatioeectto be recomputed based
on the ontology extended with the chosen repairing action.

Fig. 6. Example 2 - update.

For instance, figure 6 shows the new situation when choosiagdpairing action
(2,9) (shown in thick line) for repairing missing is-a rétat (5,4) for the example in
figure 4. In this case the Source and Targets sets becomelliheifig for the basic
algorithm: Source(8,4) %8, 4, 1, 3 - {4, 1} = {8, 3}; Target(8,4) ={4, 8, 9, 10, 2,
5,6, 7 -1{8,9, 10, 2, 5, 6, ¥ = {4}; and the following for the extended algorithm:
Source-ext(8,4) 48, 4, 1, 3, x2, y2 - {4, 1, x2, y2 = {8, 3}; Target-ext(8,4) {4,
8,9, 10, 2,5,6,7, x2,y2-{8,9, 10, 2, 5, 6, 7, x2, y2= {4}. When we compare
the computed repairing actions after the choice of (2,9ydpairing (5,4) with the re-
pairing actions computed before the choice (see sectignelnote that the repairing
actions that introduce equivalence relations (e.g. (&@®)emoved after the choice of
(2,9) (preference« sy in definition 4). However, before (2,9) is chosen these ramai
actions do not necessarily introduce equivalence relatibar instance, we could have
repaired (8,4) first using one of these actions, and aftelsvaapaired (5,4).

For small ontologies, computing the repairing actions daggake much time and
the approach is feasible in a real setting. For large onte¢oiipe computation time may
not be small enough to guarantee immediate updates in aenngpited tool for repair-
ing. Therefore, in the algorithfrin figure 7 we have introduced a way to keep track
of the influences between different missing is-a relatidie missing is-a relations for
which the Source and Target sets can change are the missingelations for which

5 The algorithm in figure 7 deals with the case when we use the basic algorithfimding
repairing actions. We also have a version for when we use the extelgmeitham.



I nput
Ontology, the repaired missing is-a relatigh., B,), the repair actior{ X, Y;.) taken for(A,, B;),
the set of non-repaired missing relatiohs..
Output
Updated Source and Target sets.
Algorithm
1. Add (X, Y;) to the KB;
2. For each missing is-a relatidal;, B;) € M,.:
2.11f A; — X, then recompute super-concepts);
2.2 If B; — X, then recompute super-conce(its);
2.31f A; — X, or B; — X, then Source(A B;) := super-concepts(A - super-concepts(f;
2.4 1Y, — A, then recompute sub-conceffs);
2.51fY; — B; then recompute sub-concef);
261fY, — A; orY,. — B; then Target(A, B;) := sub-concepts(B - sub-concepts(A;

Fig. 7. Algorithm for updating repairing actions.

at least one of the concepts is a sub-concept or super-cootep least one of the
concepts in the chosen repairing action for the repairedingss-a relation. We only
update the Source and Target sets for these missing istebnslaln addition, we also
remove the other missing is-a relations that have beenrezphy the current repairing
action.

3.4 Ranking missing is-a relations

In general, there may be many missing is-a relations that teebe repaired. Although
it is possible to repair the missing is-a relations in anyeorid may be easier for the user
to start with the ones where there are the fewest choicesaWetherefore implemented
an algorithm that ranks the missing is-a relations accgrtbirihe size of the Source{A
B,) x Target(A, B;). The missing is-a relations with the fewest number of eletsie
its set are presented highest in the list of missing is-diogls.

4 Implemented system

We have implemented a prototype system that allows a usep#irrthe structure of an
ontology using the algorithms described in section 3. Wevst®use using a piece of
MA regarding the conce@int. As input our system takes an ontology in OWL format
as well as a list of missing is-a relatiéndVe use a framework and reasoner provided
by Jena (version 2.5.7) [3]. The domain knowledge that wesigéordNet [15] and the
Unified Medical Language System [14].
The ontology and missing is-a relations can be importedgutiie Load/Derive

Missing IS-A Relationbutton. The user can see the list of missing is-a relatiodgun

5 We actually also allow to add two ontologies together with mappings. The sysiléthen
derive missing is-a relations for an ontology based on the other ontolajtha mappings in
a similar way as the approach described in [8].



Load Ontology | | LoadDerive Missing IS-A Refations | | Compute Repairing Actions | | ShowOntology | | SaveRepair |

Missing I5-A Relations Recommended Repairing Actions

I _D000470; hip joirt > W4 _0000319; joint |~ [

& _0000470: hip jaint -» M#_0000318: joint
IM&_0000450: wrist joirt = MA_DODNG1S: jeirt

|V| | Recommend ‘ ‘ Repair ‘

IM&_0000459: shouliet joirt == M8,_0000319: joint
IM&_0000451+ elbow foirt -= M&_000031%: joirt

IM&_0000471: knee joirt = M&,_0000319: joint

IM&_0000453: rstacarpn phalangealjoint == MA_DO0031S: joint
[M&_0000463: i joint = MA_DOONG1S: joint

Fig. 8. Missing is-a relations.

the Missing IS-A Relationsnenu (see figure 8). In this case there are 7 missing is-a
relationg. Clicking on theCompute Repairing Actiortsutton, results in the computa-
tion of the Source and Target sets and the missing is-agekain the list are ranked as
described in section 3.4. The user can select which one &rrist. The first missing
is-a relation in the list has the fewest possible repairictipas, and may therefore be

a good starting point. When the user chooses a missing istorel the Source and
Target sets for the repairing actions are shown in the pametbe left and the right,
respectively. The concepts in the missing is-a relatiorhagklighted in red.

Load Ontology ‘ ‘ Loadierive MissingIS-A Relations || Compute Repairing Actions | | show ontology \ \ Save Repair \
Missing IS-A Relations Recommended Repairing Actions
\AA_ODO0450, wristjoirt = MA_0D0031S: jaint [~ ‘ ‘v| | Recomment | ‘ Repair ‘

M4 _0000450: vwrist joint > M _0000315: joirt
[M&_0000470: hip joint -» Me,_0000315: joint

M _0000458: shauicer joint > ba_D000319: joint
[Ma_0000451: elbow joint -> Ma_0000313: joint
[Ma_0000471: knes joint > M#,_0000315: joint i Mf:_D001503: posteranial synchondrosis
[M&_0000483: snide joint = MA_D000319: joirt e BB Sl T AN aRlal S ehendres
IM&_0n00453: metacarpo phalengeal joint > bA_0000319: joint

10: yndesmosis

\14_00004T0: hip joint  y44_noo 6o
MA_DDU IR OMBHAZE, nchondrosis

Wi#,_0000480: wrist joint 20:400%7 ..y oyotesn cartilaginous joint
= WA 0001504, symphysis
YV: NIRRT
Ma_DO0DS 1 stbowjoint Wi DR 1813: jaint venebral areh
MA_0000E1: forelimb joint U

WA_D000319: joint
44_0000891: limb joint

walBotfisor: stemoctavicular joint
WA SBORE22: symovial joint = ’

M#A_00015414: MMWWMM irdle
st i costochandgl jeint

TEE Y5 ha_00D1508: joint rib

MA_D00 15465 e ibialjoint
A o
—— R o ot
001511 nferchondral joint
BB g st joint

MA_0000453: metacarpo phalangeal joint

Fig. 9. Possible repairing actions for the selected missing is-a relation.

" The missing is-a relations were actually derived using NCI-A and mapyiiatyveen MA and
NCI-A.



Figure 9 illustrates the Source and Target sets for the ngssia relation between
wrist joint andjoint as they were generated by our extended algorithm from figure 3
We see that, as the Target set displays x’s and y's, there atenber of influences
from other missing is-a relations. For instance, througlamd y4, we see that repair-
ing (knee joint, joint) may influence the repairing actions of the current miss#g i
relation. The user can also ask for recommended repairitignadoy clicking theRec-
ommendbutton. In our case, the system recommends to add an istoneletween
limb joint andjoint. In general, the system presents a list of recommendatBynse-
lecting an element in the list, the concepts in the repaigictipn are highlighted in the
panels. The user can repair a missing is-a relation by sedeatconcept in the Source
panel and a concept in the Target panel and clicking oR#y@airbutton. The repairing
action is then added to the ontology, and the relevant Sand&arget sets and recom-
mendations for other missing is-a relations are updatedllAimes during the process
the user can inspect the ontology by clicking 8teow Ontologyutton. Newly added
is-a relations will be highlighted (see figure 10). After adpithe is-a relation between
limb joint andjoint, not only (vrist joint,joint) is repaired, but all other missing is-a re-
lations as well, as they can be derived in the extended aptolhe list of missing is-a
relations is therefore updated to be empty. After compietive repair of all missing
is-a relations, the repaired ontology can be exported int®@W@L file by clicking the
Save Repaibutton.

B onroLocy [ [=1E3]

MA_DDD1503: postoranial synchondrosis
MA_DDO04EH: toct jaint
WMA_ODD0AT1: kne  joint MA_DOD1802: cranial synchondrosis
MA_DD0 1502, BBRES: cynonondrosic
MA_DOOOGR: BOSA8H indiimb joint

MA_0000481: radio-oarpal jeint
MA_DODOSZA: fibrous joint

oRoaAS: wist joint
B WA 0004512 stermocastal joint
M_00003221 Syvomal joint

MA_D000E4: forelim

A_0000319: joint  ppa 0001508 costochondral jaint
ofrib

R MA_DDO1814; jaint of vetebral botA_DOO1508: joint

Mias_oo00aRARIREE uow joint IA_O001511: interchondral joint
int

MA_0000463: metacarps-phalangsal joi
MA_D0019A7_biobsta et airmvsfa indosto: nt

joint
MA_0001438: gemphosis
REIBAPESI Eyn desmosis

Fig. 10.The repaired ontology.

5 Experiment

In our experiment we repair the two ontologies from the 200&t&my track in OAEI.

As described before, MA contains 2744 concepts and NCI-Aangs 3304 concepts.
Using the 988 mappings between the two ontologies, it candoweatl that 178 is-a
relations in MA and 146 in NCI-A are missing. After removingdundancy, we still
have 121 missing is-a relations for MA and 83 for NCI-A. In ttegnainder we use
these smaller sets of missing is-a relations.



total|1 |2-1011-2021-3031-4041-5051-100101-200201-300301-400>400
MA - Source |121(76/45 |0 0 0 0 0 0 0 0 0
MA - Target |121|17/50 |5 9 4 6 5 18 3 0 4
NCI-A - Source83 (2855 |0 0 0 0 0 0 0 0 0
NCI-A - Target|83 (11|52 |6 2 0 0 5 4 1 2 0

Fig. 11.Sizes of Source and Target sets.
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Fig. 12. Influence between repairing actions of different missing is-a relatiansSource or
Target.

Generating repairing actions.For MA our basic algorithm generates for 15 miss-
ing is-a relations only 1 repairing action (which is then thissing is-a relation itself).
This means that these could be immediately repaired. ForAis number is 8. Of
the remaining missing is-a relations there are 65 missiag edations for MA that have
only 1 element in the Source and 2 missing is-relations thet i element in the Target
set. For NCI-A these numbers are 20 and 3, respectively.eTaeslikely to be good
starting points for repairing. Figure 11 shows for diffareanges how many Source and
Targets sets had a size in that range. We see that for mos afifsing is-a relations
these sets are small and thus can be easily visualized irattedgof our system.

Figure 12 shows the influences between different missiray rislations that can
be computed using our extended algorithm. In figure 12 theclslsmn (ST) shows
the number of missing is-a relations where x’'s and y’s of pthissing is-a relations
occur in both Source and Target sets. For the other coluneng’shand y’s only oc-
cur in Source or Target, but not in both. For instance, for Nh&ré are 23 missing
is-a relations whose Source or Target set contain x and y menother missing is-
a relation. We see that for a majority of the missing is-atietes (92/121 for MA
and 67/83 for NCI-A) there are influences. An interestingestation is that in several
cases missing is-a relations that have the same numberwdimais from other missing
is-a relations, actually influence each other. For instaimcCI-A we find missing is-
a relations between each Bfonchus_Basement_Membrane, Bronchus_Cartilage,
Bronchus_Lamina_Propria, Bronchus_Submucosa, and the concef@ronchus_Con-
nective_Tissue. Repairing one of these missing is-a relations influencesehairing
actions of all the others. We found several such clustersngnothers for instance, in
MA concerningbody cavity/lining, lymphoid tissue, andbrain nucleus with 7, 4 and
6 missing is-a relations, respectively.

Recommending repairing actions.In the experiment with the full ontologies we
generated recommendations using WordNet only. The rurtinmgfor generating rec-
ommendations for all missing is-a relations was circa 40uteis for MA and circa



1 hour for NCI-A. In our tool, however, we do not generate raoeendations for all
missing is-a relations at once, but only on demand for aqdai missing is-a relation.

For NCI-A the system recommendeapairing actions for only 5 missing is-a rela-
tions and each of those received one recommended repadting aFor MA 22 missing
is-a relations received 1 recommended repairing actioned@ived 2 and 2 received 3.
The recommendation can come from small sets of repairirigrecor from large sets.
For instance, for MA the system recommends for the missikgridation (nandible,
bone) the three following repairing actionsr@l region cartilage/bone, bone), (vis-
cerocranium bone, bone), and (nandible, lower jaw). The repairing actions are rec-
ommended from a Source set of 177 concepts (and 15 influemigsing is-a relations)
and a Target set of 3 concepts.

Executing repairing actions. To obtain information on the time it could take to
repair real-case ontologies, as well as on the influencebeofipdates, we have run
repairing sessions for MA and NCI-A with the basic algorithrhis test run was done
by the authors. As we are not domain experts, we have used fdide on possible
choices and used the recommendation algorithm, althougbaneot guarantee the
correctness of our repairs. Clearly, we aim to redo this et with domain experts.
However, this run already gives us some interesting inftonaAfter the ontologies
were loaded and the first repairing actions were computedgtt run for NCI-A took
about 40 minutes and for MA circa 90 minutes. In most caseségbemmendations
seemed useful. In the NCI-A session one missing is-a relatas removed as a result
of repairing other is-a relations; in the MA session 18 wemmaved in three steps.
Repairing influenced the number of repairing actions foepthissing is-a relations.
For the last 13 missing is-a relations for NCI-A (of 83 to staith) and 28 for MA (of
121 to start with) the Target set was too large to have a gaadilization in the tool.

6 Related Work

We are not aware of other work that addresses the problenpafrieg missing struc-
ture in ontologies. The closest is our work in [8] where wedusteuctural repair in the
context of ontology alignment. One of the methods includsghiring the source on-
tologies by adding the missing is-a relations derived frqpadial reference alignment,
i.e. a set of given mappings, and the structure of the oniedogssentially, we used a
least informative repair. However, in [8] there was no ititem of trying to find better
ways to repair the ontologies.

Other work that looks at the problem of repairing modelinfedsts is [9], where
ontology repair is used when a formula can be derived fromraolagy, but, in the
words of the authors, it is not correct according to the wdridhis case a mapping is
computed such that the mapped formula is correct accorditiget world and can be
derived from the mapped ontology, or such that the mappeduiar cannot be derived
from the mapped ontology. The setting where this is usediiaradwork where agents
use ontologies and when certain tasks cannot be perforretmnanication between
the agents takes place to identify mismatches between théogies and revise them.

8 We do not count the missing is-a relation itself as a recommendation.



There is more work that addresses repairing semantic dafeontologies. In [13]
minimal sets of axioms are identified which need to be remdwedrn an ontology
coherent. In [7, 6, 5] strategies are described for repainimsatisfiable concepts, expla-
nation of errors, ranking erroneous axioms, and generagipair plans. In [4] and [11]
the setting is extended to repairing mapped ontologieshilndase semantic defects
may be introduced by integrating ontologies. In [4] senad#fects are repaired by
removing axioms in the source ontologies, while in [11] igpg removes mappings.
The solutions are often based on the computation of minimsetisfiability-preserving
sets or minimal conflict sets.

7 Conclusion

In this paper we introduced algorithms and a tool for repgininissing is-a relations
in an ontology. We defined the notion of structural repaird daveloped algorithms
for generating, recommending and executing repairingastiWe also discussed an
experiment for repairing the two ontologies of the Anatonagck of OAEI.

There are a number of directions that are interesting farénvork. In our experi-
ment we have repaired MA and NCI-A separately. However, ahave mappings be-
tween them, we want to investigate whether repairing theyatteer could influence the
quality of the generation or recommendation of repairintipas. Further, it may also
be interesting to investigate possible influences betwearaatic defects and model-
ing effects. Regarding the user interface we intend two veorlat least the following
issues. For large ontologies with many missing is-a refatidhe first generation of
repairing actions may take time and thus we want to invegtigeys to partition the
set of missing is-a relations into parts that can be processkependently. Further, we
want to investigate new ways to visualize the Source andetaegs.
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