Completing the is-a Structure of Biomedical Ontologies

Zlatan Dragisicl’Q, Patrick Lambrix!:2, and Fang Wei-Kleiner!

! Department of Computer and Information Science, Linkoping University, 581 83 Linkdping,
Sweden
2 Swedish e-Science Research Centre, Sweden

Abstract. Ontologies in the biomedical domain are becoming a key element for
data integration and search. The usefulness of the applications which use on-
tologies is often directly influenced by the quality of ontologies, as incorrect or
incomplete ontologies might lead to wrong or incomplete results for the applica-
tions. Therefore, there is an increasing need for repairing defects in ontologies.
In this paper we focus on completing ontologies. We provide an algorithm for
completing the is-a structure in £L£ ontologies which covers many biomedical
ontologies. Further, we present an implemented system based on the algorithm as
well as an evaluation using three biomedical ontologies.

1 Introduction

With the increasing presence of biomedical data sources on the Internet more and more
research effort is put into finding possible ways for integrating and searching such often
heterogeneous sources. Semantic Web technologies such as ontologies, are becoming
a key technology in this effort. Ontologies provide a means for modelling the domain
of interest and they allow for information reuse, portability and sharing across multi-
ple platforms. Efforts such as the Open Biological and Biomedical Ontologies (OBO)
Foundry, BioPortal and Unified Medical Language System (UMLS) aim at providing
repositories for biomedical ontologies and relations between these ontologies thus pro-
viding means for annotating and sharing biomedical data sources. Many of the ontolo-
gies in the biomedical domain can be represented using the £L description logic or
small extensions thereof (e.g. [1] and the TONES Ontology Repository).

Developing ontologies is not an easy task, and often the resulting ontologies (in-
cluding their is-a structures) are not complete. In addition to being problematic for the
correct modelling of a domain, such incomplete ontologies also influence the quality of
semantically-enabled applications. Incomplete ontologies when used in semantically-
enabled applications can lead to valid conclusions being missed.

In ontology-based search, queries are refined and expanded by moving up and down
the hierarchy of concepts. Incomplete structure in ontologies influences the quality
of the search results. As an example, suppose we want to find articles in the MeSH
Database of PubMed using the term Scleral Diseases in MeSH. By default the query
will follow the hierarchy of MeSH and include more specific terms for searching, such
as Scleritis. If the relation between Scleral Diseases and Scleritis is missing in MeSH,
we will miss 922 articles in the search result, which is about 57% of the original re-
sult!. The structural information is also important information in ontology engineering
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research. For instance, most current ontology alignment systems use structure-based
strategies to find mappings between the terms in different ontologies (e.g. overview
in [27]) and the modeling defects in the structure of the ontologies have an important
influence on the quality of the ontology alignment results.

In this paper we tackle the problem of completing the is-a structure of ontologies.
Completing the is-a structure requires adding new correct is-a relations to the ontology.
We identify two cases for finding relations which need to be added to an ontology. In
case 1 missing is-a relations have been detected and the task is to find ways of mak-
ing these detected is-a relations derivable in the ontology. There are many approaches
to detect missing is-a relations, e.g., using linguistic or logical patterns or by using
knowledge intrinsic to an ontology network (see Section 6). However, in general, these
approaches do not detect all missing is-a relations and in several cases even only few.
Therefore, we assume that we have obtained a set of missing is-a relations for a given
ontology (but not necessarily all). In the case where our set of missing is-a relations
contains all missing is-a relations, completing the ontology is easy. We just add all
missing is-a relations to the ontology and a reasoner can compute all logical conse-
quences. However, when the set of missing is-a relations does not contain all missing
is-a relations - and this is the common case - there are different ways to complete the
ontology. The easiest way is still to just add the missing is-a relations to the ontology.
For instance, T" in Figure 1 represents a small ontology inspired by Galen ontology
(http://www.co-ode.org/galen/), that is relevant for our discussions. Assume that we
have detected that Endocarditis C PathologicalPhenomenon and GranulomaProcess C
NonNormalProcess are missing is-a relations (M in Figure 1). Obviously, adding these
relations to the ontology will repair the missing is-a structure. However, there are other
more interesting possibilities. For instance, adding Carditis C CardioVascularDisease
and GranulomaProcess T PathologicalProcess also repairs the missing is-a structure.
Further, these is-a relations are correct according to the domain and constitute new is-a
relations (e.g. Carditis C CardioVascularDisease) that were not derivable from the on-
tology and not originally detected by the detection algorithm.? We also note that from
a logical point of view, adding Carditis C Fracture and GranulomaProcess = NonNor-
malProcess also repairs the missing is-a structure. However, from the point of view of
the domain, this solution is not correct. Therefore, as it is the case for all approaches for
dealing with modeling defects, a domain expert needs to validate the logical solutions.

In case 2 no missing is-a relations are given. In this case we investigate existing
is-a relations in the ontology and try to find new ways of deriving these existing is-a
relations. This might pinpoint to the necessity of adding new missing is-a relations to
the ontology. As an example, let us assume that our ontology contains relations 7" U M
in Figure 1. If we assume now that we want to investigate new ways of deriving relations
in M then obviously adding Carditis C CardioVascularDisease and GranulomaProcess
C PathologicalProcess would be one possibility given that both are correct according
to the domain.

The basic problem underlying the two cases can be formalized in the same way
(Section 2.2).

2 Therefore, the approach in this paper can also be seen as a detection method that takes already
found missing is-a relations as input.
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C = { GranulomaProcess, CardioVascularDisease, PathologicalPhenomenon, Fracture, Endocarditis, Carditis,
InflammationProcess, PathologicalProcess, NonNormalProcess }

T = { CardioVascularDisease C PathologicalPhenomenon, Fracture C PathologicalPhenomenon,
JhasAssociatedProcess.PathologicalProcess C PathologicalPhenomenon, Endocarditis C Carditis,
Endocarditis C JhasAssociatedProcess.InflammationProcess, PathologicalProcess C NonNormalProcess }

M = { Endocarditis C PathologicalPhenomenon, GranulomaProcess = NonNormalProcess }

The following is-a relations are correct according to the domain, i.e., Or returns true for:
GranulomaProcess C InflammationProcess, GranulomaProcess C PathologicalProcess,
GranulomaProcess = NonNormalProcess, CardioVascularDisease C PathologicalPhenomenon,
Fracture C PathologicalPhenomenon, Endocarditis C PathologicalPhenomenon,

Endocarditis C Carditis, Endocarditis = CardioVascularDisease, Carditis C PathologicalPhenomenon,
Carditis C CardioVascularDisease, InflammationProcess C PathologicalProcess,

InflammationProcess = NonNormalProcess, PathologicalProcess = NonNormalProcess.

Let P = GTAP(T, C, Or, M).
Fig. 1. Small example

The contributions of this paper are the following. We present an approach for com-
pleting the is-a structure of ££ ontologies which aims at introducing new information
to the ontology (Section 3). Together with the algorithm for completing the is-a struc-
ture we present an implemented system (Section 4). Next, we provide an evaluation
of the system using three ontologies from the biomedical domain and discuss lessons
learned. The paper concludes with the discussion of related work and possible future
work (Sections 6 and 7). We continue with some necessary preliminaries in Section 2.

2 Preliminaries

2.1 The Description Logic ££

Concept descriptions are constructed inductively from a set N¢ of atomic concepts and
a set Ny of atomic roles. The concept constructors are the top concept T, conjunction,
and existential restriction. The syntax of the different constructors can be found in Fig-
ure 2. An interpretation Z consists of a non-empty set A% and an interpretation function
T which assigns to each atomic concept A € N¢ a subset AZ C A7, to each atomic
role r € Ny arelation 72 C AT x AZ. The interpretation function is straightforwardly
extended to complex concepts. An £L TBox? is a finite set of general concept inclu-
sions (GCIs), whose syntax can be found in the lower part of Figure 2. An interpretation
T is a model of a TBox T if for each GCI in 7', the conditions given in the third column
of Figure 2 are satisfied.

The main reasoning task for description logics is subsumption in which the problem
is to decide for a TBox T and concepts C' and D whether T' = C' C D. Subsumption
in £L is polynomial.

3 Named CBox in [1].
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Name Syntax Semantics
top T AT
conjunction cnbD c*tnpD*
existential restriction 3r.C' {x € AT |y € AT : (z,y) e rF Ay € CTF}
GCI CCD c*t c D*

Fig. 2. £L Syntax and Semantics

2.2 Completing is-a Structure

The problem of completing the missing is-a structure in an ontology can be formalized
as a generalized version of the TBox abduction problem [28].

We assume that our ontology is represented using a TBox 7" in £L. Further, we have
a set of missing is-a relations which are represented by a set M of atomic concept sub-
sumptions. In case I in the introduction, these missing is-a relations were detected. In
case 2 the elements in M are existing is-a relations in the ontology that are temporarily
removed, and T represents the ontology that is obtained by removing the elements in
M from the original ontology. (They can later be added again after completing the on-
tology.) To complete the is-a structure of an ontology, the ontology should be extended
with a set .S of atomic concept subsumptions (repair) such that the extended ontology
entails the missing is-a relations. However, the added atomic concept subsumptions
should be correct according to the domain. In general, the set of all atomic concept sub-
sumptions that are correct according to the domain are not known beforehand. Indeed,
if this set were given then we would only have to add this to the ontology. The common
case, however, is that we do not have this set, but instead can rely on a domain expert
that can decide whether an atomic concept subsumption is correct according to the do-
main. In our formalization the domain expert is represented by an oracle Or that when
given an atomic concept subsumption, returns true or false. It is then required that for
every atomic concept subsumption s € .S, we have that Or(s) = true. The following
definition formalizes this.

Definition 1 (Generalized TBox Abduction). (variant of [28])

Let T be a TBox in EL and C be the set of all atomic concepts in T.

Let M = {A; T B;| A;, B; € C} be a finite set of TBox assertions.

LetOr : {C; T D;|C;,D; € C} — {true, false}.

A solution to the generalized TBox abduction problem (GTAP) (T, C,Or, M) is any
finiteset S={FE; C F;, | E;,F; € C AN Or(E; T F;) = true} of TBox assertions,
such that T U S is consistent and T U S = M.

We note that an additional condition could be enforced in the definition i.e. Vm €
M : Or(m) = true. Regarding this condition, if some missing is-a relation is not
correct according to the domain, it could still be possible to find a solution. However,
in this case the domain expert makes mistakes in the judgement or 7" is not correct
according to the domain. In practice, it is therefore advantageous to validate whether
the missing is-a relations are correct according to the domain before repairing.
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As an example, let us consider GTAP P as defined in Figure 1. Then a possible
solution for P is {Carditis C CardioVascularDisease, InflammationProcess C Patho-
logicalProcess, GranulomaProcess C InflammationProcess }. Another possible solution
is {Carditis C CardioVascularDisease, GranulomaProcess C PathologicalProcess} as
explained in Section 1.

There can be many solutions for a GTAP and, as explained in Section 1, not all so-
lutions are equally interesting. Therefore, in [28] we proposed two preference criteria
on the solutions. The first criterion is a criterion that is not used in other abduction
problems, but that is particularly important for GTAP. In GTAP it is important to find
solutions that add to the ontology as much information as possible that is correct ac-
cording to the domain. Therefore, the first criterion prefers solutions that imply more
information.

Definition 2 (More Informative). Let S and S’ be two solutions to the GTAP (T, C,
Or, M). S is said to be more informative than S’ iff T U S = S"  and T U S’ |~ S.
Further, we say that S is equally informative as S" if TUS = S" and TU S' = S.

Consider two solutions* to P, S; = {InflammationProcess C PathologicalProcess,
GranulomaProcess = InflammationProcess} and Sz = {InflammationProcess C Patho-
logicalProcess, GranulomaProcess C PathologicalProcess}. In this case solution Sy is
more informative than Ss.

The second criterion is a classical criterion in abduction problems. It requires that no
element in a solution is redundant.

Definition 3 (Subset Minimality). A solution S to the GTAP (T, C, Or, M) is said to
be subset minimal iff there is no proper subset S’ C S such that S’ is a solution.

An example of a subset minimal solution for P is {InflammationProcess C Patho-
logicalProcess, GranulomaProcess = InflammationProcess}. On the other hand, solu-
tion {Carditis C CardioVascularDisease, InflammationProcess C PathologicalProcess,
GranulomaProcess C InflammationProcess} is not subset minimal as it contains Cardi-
tis C CardioVascularDisease which is redundant for repairing the missing is-a relations.

Three different combinations of these criteria were identified and formalized in [28].
Solutions with higher level of informativeness and no redundancy are preferred and this
is formalized by skyline optimality.

Definition 4 (Skyline Optimal). A solution S to the GTAP (T,C,Or, M) is said to
be skyline optimal iff there does not exist another solution S’ such that S’ is a proper
subset of S and S’ is equally informative as S.

4 Observe that both missing is-relations are derivable using S;. GranulomaProcess

C  NonNormalProcess is derivable as GranulomaProcess [C InflammationPro-
cess (S1), InflammationProcess [C PathologicalProcess (S1), and Pathological-
Process C NonNormalProcess (7). Endocarditis C PathologicalPhenomenon is
derivable as  Endocarditis [  JhasAssociatedProcess.InflammationProcess (1),
JhasAssociatedProcess.InflammationProcess T JhasAssociatedProcess.PathologicalProcess
(S1), and dhasAssociatedProcess.PathologicalProcess C PathologicalPhenomenon (7).
Similarly for Sa.
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For example, {InflammationProcess C PathologicalProcess, GranulomaProcess C
InflammationProcess, Carditis C CardioVascularDisease} is a skyline optimal solution
for P.

3 Algorithm

In this section we present an algorithm for completing the is-a structure (solving GTAP
(T, C,Or, M)) in ontologies that are represented in ££ and where the TBox is normal-
ized as described in [1]. A normalized TBox T contains only axioms of the forms A; 1
...MA,CB,AC dr.B,and dr.A C B, where A, A4, ..., A, and B are atomic con-
cepts and r is a role. Further, based on lessons learned in [28], we require that the miss-
ing is-a relations are validated before the repairing and thus Vm € M : Or(m) = true.
This, together with the fact that ££ TBoxes are always consistent, gives us that M is a
solution.

In general, we would like to find a solution for GTAP at the highest level of informa-
tiveness. However, this can only be guaranteed if we know all missing is-a relations.
One way to obtain this is using a brute-force method and ask Or for every pairin C x C
whether it is a correct is-a relation according to the domain or not. In practice, for large
ontologies this is not feasible. Therefore, the algorithm in Algorithm 1 computes ini-
tially a skyline optimal solution for GTAP (T, C, Or, M) and iteratively tries to find
other skyline optimal solutions at higher levels of informativeness. As M is a solution,
the algorithm will always return a result. The result can be a subset minimal solution
that is a subset of M or a solution that is more informative than M.

The basic step in the algorithm (RepairSinglelsa) computes a solution for a GTAP
with one missing is-a relation (i.e. GTAP (T, C,Or,{E C F}) in the following way.
First, superconcepts of E are collected in a Source set and subconcepts of F are collected
in a Target set (lines 3 and 4). Source contains expressions of the forms A and 3r. A
while Target contains expressions of the forms A, A; M ... M A, and 3r.A where A,
Ay, ..., A, are atomic concepts and r is a role. Adding an is-a relation between an
element in Source and an element in Target to the ontology would make £ C F
derivable (and thus this gives us logical solutions, but not necessarily solutions that
are correct according to the domain). As we are interested in solutions containing is-a
relations between atomic concepts, we check for every pair (A,B) € Source x Target
whether A and B are atomic concepts and Or(A C B) = true (i.e. correct according
to the domain). If so, then this is a possible solution for GTAP (T, C,Or,{E C F}).
However, if the current solution already contains is-a relations that would lead to the
entailment of A T B then we donotuse A T B (8-9). Otherwise weuse A C B
and remove elements from the current solution that would be entailed if A T B is used
(10-12). Further, in the case where A is of the form 3r.N and B is of the form 3r.0,
then making N C O derivable would also make A T B derivable (13-14). It is clear
that for the result of RepairSinglelsa, i.e. Sol, the following holds: TU Sol = E C F
and Vs € Sol : Or(s) = true. Together with the fact that ££ TBoxes are consistent,
this leads to the fact that Sol is a solution of GTAP (T, C,Or,{E T F}).

In RepairMultiplelsa the algorithm collects for each missing is-a relation a solution
from RepairSinglelsa and takes the union of these. Therefore, the following holds for
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1 Procedure RepairSinglelsa begin
Input: EC F, T,Or, C
Output: Solution for GTAP (T, C, Or, {E C F})
2 Sol := (;
3 Source := find superconcepts of E;
4 Target := find subconcepts of F;
5 foreach A € Source do
6 foreach B € Target do
7 if A and B are atomic concepts & A C B € Or then
8 if there exists K = L € Sol suchthat T |=A C K and T |= L C B then
9

do nothing;
10 else
11 remove every KC L € Sols.t. T=EKC AandT=BLCL;
12 Sol :=Sol U {A C B};
13 else if A is of the form 3r.N & B is of the form 3r.O then
14 Sol := Sol U RepairSinglelsa(N C O, T, Or, C);
15 return Sol;

16 Procedure RepairMultiplelsa begin
Input: M, T, Or, C
Output: Solution for GTAP (T, C, Or, M)

17 foreach E; C F; € M do

18 SingleSol; := RepairSinglelsa(E; C F;, T, Or, C);

19 Solution := | J, SingleSol;;

20 remove redundancy in Solution within same level of informativeness;
21 return Solution;

22 Procedure Repair begin
Input: M, T, Or, C
Output: Solution for GTAP (T, C, Or, M)

23 Missing := M;

24 Solution := RepairMultipleIsa(Missing, T, Or, C);

25 Final-Solution := Solution;

26 while Solution # Missing do

27 Missing := Solution;

28 Solution := RepairMultipleIsa(Missing, T U Missing, Or, C);

29 Final-Solution := Final-Solution U Solution;

30 remove redundancy in Final-Solution within same level of informativeness;
31 return Final-Solution;

Algorithm 1. Solving GTAP

Solution in line 19: T'U Solution = M and Vs € Solution : Or(s) = true. Together
with the fact that ££ TBoxes are consistent, this leads to the fact that Solution is a
solution of GTAP (T, C,Or, M). Further, in line 20, we remove redundancy while
keeping the same level of informativeness, and thus obtain a skyline optimal solution.
(In the case where there are several ways to remove redundancy, one is chosen, as the
extended ontologies will be equivalent in the sense that they entail the same statements.)

In Repair we try to improve the result from RepairMultiplelsa by trying to find a
skyline optimal solution at a higher level of informativeness. Given that any element in
the solution of RepairMultiplelsa that is not in M can be considered as a new missing
is-a relation (which was not detected earlier), we can try to find additional more infor-
mative ways of repairing by solving a new GTAP problem for these new missing is-a
relations (and continue as long as new missing is-a relations are detected). As a (skyline
optimal) solution for the new GTAP is also a (skyline optimal) solution of the original
GTAP, the solution found in Repair is a skyline optimal solution for the original GTAP.

As an example run consider the GTAP in Figure 1. For a given ontology and set of miss-
ing is-a  relations, the algorithm will first find solutions for
repairing individual missing is-a relations using RepairSinglelsA. For the missing is-
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a relation Endocarditis C PathologicalPhenomenon the following is-a relations provide
logical solutions for repairing the missing is-a relation: Endocarditis C PathologicalPhe-
nomenon, Endocarditis T Fracture, Endocarditis C CardioVascularDisease, Carditis T

PathologicalPhenomenon, Carditis = Fracture, Carditis = CardioVascularDisease as well
as InflammationProcess C PathologicalProcess. As the first one is the missing is-a re-
lation which was already validated, only the other six is-a relations are presented to the
oracle for validation. Out of these six Endocarditis C Fracture and Carditis C Fracture
are not correct according to the domain and are therefore not included in solutions. Fur-
ther, relations Endocarditis C CardioVascularDisease, Endocarditis C PathologicalPhe-
nomenon, Carditis C PathologicalPhenomenon are removed given it is possible to entail
them from the ontology together with the remaining relations. Therefore, after valida-
tion, RepairSinglelsA returns {InflammationProcess C PathologicalProcess, Carditis C

CardioVascularDisease }. The same process is repeated for the second missing is-a rela-
tion GranulomaProcess = NonNormalProcess. In this case the following is-a relations
provide logical solutions for repairing the missing is-a relation: GranulomaProcess C

NonNormalProcess and GranulomaProcess = PathologicalProcess. GranulomaProcess
C NonNormalProcess is the missing is-a relation and was already validated as correct
according to the domain. GranulomaProcess C PathologicalProcess is presented to the
oracle and validated as correct according to the domain. As GranulomaProcess = Non-
NormalProcess can be entailed from the ontology together with GranulomaProcess C

PathologicalProcess, RepairSinglelsA returns {GranulomaProcess C PathologicalPro-
cess}. The solutions for the single is-a relations are then combined to form a solution for
the set of missing is-a relations. In our case, there are no redundant relations and there-
fore RepairMultiplelsA returns {InflammationProcess C PathologicalProcess, Carditis
C CardioVascularDisease, GranulomaProcess C PathologicalProcess }. We note that this
is a skyline optimal solution. In Repair the system tries to improve the acquired solution.
This time the oracle is presented with a total of 13 relations for validation out of which
only one is validated to be correct, i.e. GranulomaProcess C InflammationProcess. This
is added to the solution. Given this new is-a relation, GranulomaProcess C Pathological-
Proces is removed from the solution as it can now be entailed from the ontology and Gran-
ulomaProcess C InflammationProcess. The new solution is {InflammationProcess C

PathologicalProcess, Carditis = CardioVascularDisease, GranulomaProcess C Inflam-
mationProcess}. This is again a skyline optimal solution and it is more informative than
the previous solution. As new missing is-a relations were detected, the repairing is run for
the third time. However, in this run the solution is not improved and thus the algorithm
outputs the final result. We note that in this example we found a skyline optimal solu-
tion that is also solution with the highest level of informativeness. In general, however,
it is not possible to know whether the solution is of the highest level of informativeness
without checking every possible is-a relation between atomic concepts in the ontology.

4 System

We have implemented a system for completing the missing is-a structure in ££ ontolo-
gies based on the algorithm in Algorithm 1. The input to the system is a an ontology
and a set of validated missing is-a relations. The output is a solution to GTAP (called
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(a) Repairing using Source and Target sets. (b) Validating is-a relations in a repairing ac-
tion.

Fig. 3. System screenshots

a repairing action). The system was implemented in Java and uses the ELK reasoner
(version 0.4.1) [21] to detect implicit entailments in the ontology. The system is semi-
automatic and requires interaction with a user which is a domain expert serving as an
oracle and who decides whether an is-a relation is correct according to the domain.

Once the ontology and the set of missing is-a relations are loaded, the user starts
the debugging process by pressing the button Generate Repairing Actions.
The system then removes redundant is-a relations and the non-redundant missing is-a
relations are shown in a drop-down list allowing the user to switch between missing
is-a relations. Additional relations acquired from lines 13 and 14 in the algorithm (Al-
gorithm 1) are also included in the drop-down list. It is also possible to scroll between
relations using the arrow buttons in the bottom part of the screen.

After selecting an is-a relation from the list, the user is presented with the Source
and the Target set for that is-a relation. The user then needs to choose relations which
are correct according to the domain for that is-a relation. Missing is-a relations are
automatically validated to be correct according to the domain while the relations that
were acquired from lines 13 and 14 in the algorithm have to be explicitly validated by
the user.

In Figure 3(a) the user is presented with the Source and the Target set for the miss-
ing is-a relation Endocarditis C PathologicalPhenomenon (concepts in the missing is-a
relation are marked in red). In this case the user has selected {Carditis C CardioVas-
cularDisease} as a repairing action for the missing is-a relation (concepts marked in
purple) and needs to confirm this by clicking the Validate button.

The user also has the option to check which relations have been validated so far
and which relations can be validated, by clicking the Validate Is-a Relations
button. In the pop-up window that appears the user can validate new relations, remove
validations from already validated relations as well as ask for a recommendation by
clicking the Recommend button (Figure 3(b)). Recommendations are acquired by
querying external sources (currently, WordNet, UMLS Methathesaurus and Uberon).
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The validation phase is ended by clicking on the Validation Done button. The
system then calculates the consequences of the chosen repairing actions and presents
the user with a new set of is-a relations that need to be repaired. The validation phase
and consequent computations represent one iteration of the Repair procedure in Algo-
rithm 1. If the repairing did not change between two iterations the system outputs the
repairing.

At any point the user can save validated relations from the “File” menu which makes
it possible to do debugging accross multiple sessions.

5 Experiments

We have run several experiments on an Intel Core i7-2620M Processor at 3.07 GHz
with 4 GB RAM under Windows 7 Professional and Java 1.7 compiler. The experiments
cover the two cases from the introduction. In all experiments the validation phase took
the most time while the computations between iterations took less than 10 seconds.

The results are summarized in Figures 4 - 5. The ’It” columns represent the different
iterations of Repair in Algorithm 1. The *Missing’ rows give the number of missing
is-a relations in each iteration. Such a missing is-a relation can be repaired by adding
itself ("Repaired by itself’), by adding other is-a relations that were not derivable in
the ontology and thus represent new knowledge added to the ontology (’Repaired using
new knowledge’). The "New relations’ row shows how many new is-a relations were
added to the ontology. When such relations were found using 3 (lines 13 and 14 in the
algorithm), then the number of such relations is shown in parentheses. We note that
for iteration ¢ + 1 the number of missing is-a relations is the number of new relations
from iteration ¢ plus the number of missing is-a relations repaired by themselves from
iteration ¢ if there are no redundant relations. We also note that in the last iteration all
missing is-a relations from that iteration are always repaired by themselves and these
represent the final repairing action.

5.1 Case 1 Experiment — OAEI Anatomy

We debugged the two ontologies from the Anatomy track at the 2013 Ontology Align-
ment Evaluation Initiative, i.e. Mouse Anatomy ontology (AMA) containing 2744
concepts and a fragment of NCI human anatomy ontology (NCI-A) containing 3304
concepts. The input missing is-a relations for these two experiments were a set of 94
and 58 missing is-a relations, respectively, for AMA and NCI-A. These missing is-a
relations were obtained by using a logic-based approach using an alignment between
AMA and NCI-A [25] to generate candidate missing is-a relations which were then
validated by a domain expert to obtain actual missing is-a relations. Therefore, this
experiment is related to case 1.

Mouse Anatomy. The results for debugging AMA are given in Figure 4(a). Three iter-
ations were required to reach the final solution. Out of 94 initial missing is-a relations
37 were repaired by repairing actions which add new knowledge to the ontology while
57 were repaired using only the missing is-a relation itself. There were no derivable
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It It2 It3 Itl It2 It3
Missing 94 101 101 Missing 58 55 54
Repaired by itself 57 98 101 Repaired by itself 49 50 54
Repaired using new knowledge 37 3 0  Repaired using new knowledge 9 5 0
New relations 44 3 0 New relations 6 4 0
(a) Results for debugging AMA - Mouse (b) Results for debugging NCI-A - Human
Anatomy ontology. Anatomy ontology.

Fig. 4. OAEI experiments

relations. In total 44 new and non-redundant relations were added to the ontology in the
first iteration. Out of 37 relations which were repaired by adding new relations, 22 had
more than 1 non-redundant relation in the repairing action. For example, the missing
is-a relation wrist joint C joint is repaired by a repairing action {limb joint C joint,
wrist joint C synovial joint}.

The set of missing is-a relations in the second iteration contains 101 relations, i.e. 57
relations which were repaired by adding the missing is-a relation itself and 44 newly
added relations. In this iteration, 3 is-a relations were repaired by adding new knowl-
edge to the ontology. All 3 of these is-a relations are is-a relations which were added in
the previous iteration. For example, is-a relation wrist joint C synovial joint is repaired
by a repairing action {wrist joint C hand joint} which is possible given that the is-a
relation metacarpo-phalangeal joint C joint from the initial set of missing is-a relations
was repaired by a repairing action {hand joint C synovial joint, limb joint C joint} in
the first iteration. Finally, the set of missing is-a relations containing 101 is-a relations
in the third iteration is also the solution for the initial set of missing is-a relations given
that no new relations were added in the third iteration.

NCI - Human Anatomy. The initial set of missing is-a relations contained 58 relations
for the NCI-A ontology. Out of these 58 relations in the first iteration 9 were repaired
by adding relations which introduce new knowledge to the ontology. In total 6 new is-a
relations were added and 4 missing is-a relations were derivable.

In the second iteration, 5 out of 55 is-a relations were repaired by adding new rela-
tions while repairing actions for the 50 other is-a relations were unchanged. All 5 is-a
relations which were repaired by adding new relations to the ontology are is-a relations
which were repaired by repairing actions containing only the missing is-a relation from
the first iteration. This exemplifies why it is beneficial to consider already repaired is-a
relations in subsequent iterations as Source and Target sets for some missing is-a rela-
tions can change and more informative solutions might be identified. The input to the
third iteration is a set of 54 is-a relations and given that no changes were made, these
relations are the final solution.

5.2 Case 2 Experiment — Biotop

This experiment relates to Case 2. In this experiment we used the Biotop ontology
from the 2013 OWL Reasoner Evaluation Workshop dataset containing 280 concepts
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Itl1 I2 It3 It4

Missing 47 41 42 41
Repaired by itself 19 31 38 41
Repaired using new knowledge 28 10 4 0
New relations 26(3) 11 3(1) O

Fig. 5. Results for debugging the Biotop ontology

and 42 object properties. For the set of missing is-a relations we randomly selected 47
is-a relations. Then the ontology was modified by removing is-a relations which would
make the selected is-a relations derivable. The unmodified ontology was used as domain
knowledge in the experiment. The results for debugging Biotop ontology are presented
in Figure 5.

The debugging process took 4 iterations. In the first iteration 28 relations were re-
paired by adding new relations. In total 26 new relations were added in the first it-
eration using axioms containing 3 expressions. For example, for missing is-a relation
GreatApe C Primate we have a repairing action {FamilyHominidaeQuality C Order-
PrimatesQuality } given that the ontology contains axioms GreatApe C JhasInherence.-
FamilyHominidaeQuality and JhasInherence.OrderPrimatesQuality C Primate.

The input to the second iteration contained 41 non-redundant is-a relations (4 redun-
dant is-a relations were removed from the solution in iteration 1). In total 10 is-a rela-
tions were repaired by adding new is-a relations. Out of these 10 repaired is-a relations,
5 are relations from the initial set of missing is-a relations while the other 5 are relations
which were added in the first iteration. For example, is-a relation Atom C Entity from
the initial set of missing relations can be repaired with { Atom C MaterialEntity } given
that MaterialEntity C Entity was added in the previous iteration.

In the third iteration, the input contained 42 is-a relations. In total 4 is-a relations (3
from the initial set of missing is-a relations and 1 from iteration 1) were repaired by
adding 3 new relations. Out of the 3 new relations 1 is acquired using axioms contain-
ing J expressions. Finally, in the fourth iteration no new relations were added and the
system outputs the solution.

5.3 Lessons Learned

The experiments have shown the usefulness of our approach. In each of the cases,
whether missing is-a relations were identified, or whether we investigated existing is-a
relations, our approach identified new information to be added to the ontologies.

The experiments have also shown that the iterative approach to repairing missing is-a
relations is beneficial as in all our experiments additional relations were added to the
ontology in subsequent iterations. Running the system on already repaired is-a relations
gives the opportunity to identify new repairing actions which introduce new knowledge
to the ontology. An example of this is found in the BioTop experiment where is-a re-
lations from the initial set of missing is-a relations were repaired by more informative
solutions in the third iteration.
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Currently, the system removes redundant is-a relations from a solution after every
iteration. This step is crucial for producing skyline optimal solutions. However, in situa-
tions where an is-a relation is repaired by a relation acquired from the axioms containing
3 expressions it might be advantageous to keep also the missing is-a relation in subse-
quent iterations even though it is redundant. The reason for this is that the Source set
and the Target set for the missing is-a relation might get updated in later iterations and
therefore new repairing actions might be identified. One way to solve this is to make it
possible in the system to show these missing is-a relations with their Source and Target
sets but not to include them in the solution unless they are repaired using new knowl-
edge. For example, let us assume that the missing is-a relation Human C Primate was
repaired in one iteration by a repairing action { Human C Primate, SpeciesHomoSapien-
sQuality C OrderPrimatesQuality } in which case the second relation was found using
3. In the next iteration the relation GreatApe T Primate was added to the ontology.
If the system removed redundant relation Human C Primate then relation Human C
GreatApe would not be detected as a possible repairing action for Human C Primate.

6 Related Work

There is not much work on the completing of missing is-a structure. In [26,25] this was
addressed in the setting of taxonomies where the problem as well as some preference
criteria were defined. Further, an algorithm was given and an implemented system was
proposed. We note that the algorithm presented in this paper can be restricted to tax-
onomies and in that case finds more informative solutions than [26]. A later version
of the [26] system, presented in [24], also deals with semantic defects, and was used
for debugging ontologies related to a project for the Swedish National Food Agency
[15]. An extension dealing with both ontology debugging and ontology alignment is
described in [16]. In [23] the problem was formalized as an abduction problem and an
algorithm was given for finding solutions for ALC acyclic terminologies. In [28] we
extended the previous formalization by formalizing the role of the domain expert as
well as by introducing preference criteria for the solutions to the problem. There is no
other work yet on GTAP. There is some work on TBox abduction. [14] proposes an
automata-based approach to TBox abduction in £L. It is based on a reduction to the
axiom pinpointing problem which is then solved with automata-based methods.

Further, there is work that addresses related topics but not directly the problem that is
addressed in this paper. There is much work on the detection of missing (is-a) relations
in e.g. ontology learning [4] or evolution [12], using linguistic [13] and logical [6]
patterns, or by using knowledge intrinsic to an ontology network [26,15]. As mentioned
before, these approaches, in general, do not detect all missing is-a relations. There is
also much work on a dual problem to the one addressed in this paper, i.e. the debugging
of semantic defects. Most of the work on debugging semantic defects aims at identifying
and removing logical contradictions from an ontology [11,31,20,19,10], from mappings
between ontologies [29,32,17,30] or ontologies in a network [18,15].

Finally, there is also work on other abductive reasoning problems in (simple) de-
scription logics including concept abduction [5,2,7] and ABox abduction [8,22,3] as
defined in [9].
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7 Conclusions

In this paper we presented an approach for completing the is-a structure of ££ on-
tologies. Many biomedical ontologies can be represented by £L or a small extension
thereof. We have also presented an implemented system and evaluated our approach on
three biomedical ontologies. The evaluation has shown the usefulness of the system as
in all experiments new is-a relations have been identified.

There are a number of directions for future work. We will investigate approaches
for more expressive representation languages as well as different preference criteria.
Further, we want to investigate methods for dealing with inconsistency and incoherence
as well as incompleteness.
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