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Abstract. With the increased use of ontologies in semantically-enabled applica-
tions, the issues of debugging and aligning ontologies have becomesimgiga
important. The quality of the results of such applications is directly dep¢iotien
the quality of the ontologies and mappings between the ontologies they edploy.
key step towards achieving high quality ontologies and mappings is disegver
and resolving modeling defects, e.g., wrong or missing relations apgdings. In

this paper we present a unified framework for aligning taxonomies, tst used
kind of ontologies, and debugging taxonomies and their alignments, whegk

ogy alignment is treated as a special kind of debugging. Our framesugiorts

the detection and repairing of missing and wrong is-a structure in taxospasie
well as the detection and repairing of missing (alignment) and wrong mgppin
between ontologies. Further, we implemented a system based on thisviveme
and demonstrate its benefits through experiments with ontologies from the On
tology Alignment Evaluation Initiative.

This is an extended version combining the papers [11, 10] wiei adding addi-
tional parts. The paper [11] was a research paper and [10] waa demonstration
paper, both at the 10th Extended Semantic Web Conference - B8C 2013. The
final publications of [11, 10] are available at link.springe.com. For reference pur-
poses, please use [11].

1 Motivation

To obtain high-quality results in semantically-enableglaations such as the ontology-
based text mining and search applications, high-qualitplogies and alignments are
both necessary. However, neither developing nor alignimglogies are easy tasks, and
as the ontologies grow in size, it is difficult to ensure therectness and completeness
of the structure of the ontologies. For instance, sometirakrelations may be missing
or some existing or derivable relations may be unintendéds B not an uncommon
case. It is well known that people who are not expert in kndgerepresentation often
misuse and confuse equivalence, is-a and part-of (e.g, WB]ch leads to problems in



the structure of the ontologies. Further, ontology aligntreystems are used for gener-
ating alignments and, as shown in the Ontology Alignmentiataon Initiative (OAEI,
http://oaei.ontologymatching.org/), alignments usuatintain mistakes and are incom-
plete. Such ontologies and alignments, although oftenulislefad to problems when
used in semantically-enabled applications. Wrong conefhissimay be derived or valid
conclusions may be missed.

A key step towards high-quality ontologies and alignmestisbugging the ontolo-
gies and alignments. During the recent years several agipgsdnave been proposed for
debugging semantic defects in ontologies, such as unaatisfioncepts or inconsistent
ontologies (e.g., [26, 16, 17, 8]) and related to mappings (84, 13, 25, 30]) or inte-
grated ontologies [15]. Further, there has been some wodetatting modeling defects
(e.g., [9, 4]) such as missing relations, and repairing riogelefects [21, 20, 18]. The
increased interest in this field has also led to the creati@mdnternational workshop
on this topic [22]. In a separate sub-field of ontology engiiray, ontology alignment,
the correctness and completeness of the alignments hasotmatly received much at-
tention (e.g., [27]). Systems have been developed thatrgenalignments and in some
cases validation of alignments is supported.

In this paper we propose a unified approach for ontology dgibggand ontology
alignment, where ontology alignment can be seen as a spaéocthbf debugging. We
propose an integrated framework that, although it can bé asen ontology debugging
framework or an ontology alignment framework, presentsteamithl benefits for both
and leads to an overall improvement of the quality of the logfies and the alignments.
The ontology alignment provides new information that caused for debugging and
the debugging provides new information that can be used éyfitology alignment.
Further, the framework allows for the interleaving of difat debugging and align-
ment phases, thereby in an iterative way continuously geimgrnew information and
improving the quality of the information used by the framekvo

In Section 3 we propose our unified approach for ontologynatignt and debug-
ging. To our knowledge this is the first approach that integgrantology debugging and
ontology alignment in a uniform way and that allows for a sganterleaving of these
tasks. We present a framework as well as algorithms for thgpoments. Section 4 pro-
vides an overview of the use and user interface of an implésdesystem. Further, we
show the advantages of our approach in Section 5 throughiengr@s with the ontolo-
gies and alignment of the OAEI 2011 Anatomy track. Relatedkismgiven in Section
6 and the paper concludes in Section 7. However, we startswitie preliminaries.

2 Preliminaries

In this section we introduce notions that are needed for ppiraach. This paper focuses
on taxonomies, which are the most widely used type of ontetogWe will use 'tax-
onomy’ and 'ontology’ interchangeably in this paper.) Tagmies consist of named
concepts and subsumption (is-a) relations between theeptgd-or this paper we use
the following definition.



Definition 1. Ataxonomy QO is represented by a tupl€, Z) whereC is its set of named
concepts and C C xC is a set of asserted is-a relations, representing the igtactire
of the ontology.

The ontologies are connected into a network through alignsnevhich are sets
of mappings between concepts from two different ontolagies currently consider
equivalencemappings £) and is-a mappings (subsumed-by)and subsumes-)).

Definition 2. Analignment between ontologie®; andQ; is represented by a sétl;;
of pairs representing thenappings such that for concepts; € O; and¢; € O;:
¢; — c¢; is represented bye;, ¢;); ¢; < ¢; is represented byc;,¢;); andc¢; = ¢; is
represented by bott;, ¢;) and(c;, ¢;).!

The concepts that participate in mappings we capped conceptsEach mapped
concept can participate in multiple mappings and alignsent

The output of ontology alignment systems arapping suggestionsThese should
be validated by a domain expert and if accepted, they becam®pan alignment.

Definition 3. Ataxonomy network A" is a tuple(Q, M) with @ = {Oy }7_, the set of
the ontologies in the network ad = {M,;} the set of representations for
the alignments between these ontologies.

n
14=13i<

Without loss of generality, in this paper we assume that ¢éte af named concepts
for the different ontologies in the network are disjoint.

Figure 1 shows a small ontology network with two ontologiesncepts are rep-
resented by nodes and the is-a structures are representgidebied edges) and an
alignment (represented by dashed edgeBhe alignment consists of 7 equivalence
mappings. One of these mappings represents the fact thabtieeptbonein the first
ontology is equivalent to the concéepbnein the second ontology. As these two con-
cepts appear in a mapping, they are mapped concepts.

The domain knowledge of an ontology network is represenydtsbinduced ontol-
ogy.

Definition 4. Let ' = (O, M) be an ontology network, with = {O;}7_;, M =
{Mi;}7=1.i<;- LEtOx = (Ck, Zx). Then thenduced ontologyfor network\ is the
ontologyOx = (Cn,Zn) with

Cy = Uzzlck andZy = UZ=1IIC U’Zj:l;i<j Mij

In the algorithms we use the notion of knowledge base (KBg iiation that we
define here is a restrictdédariant of the notion as defined in description logics [1].

! Observe that for every,; there is a correspondinyt;; such thatM,; = M ;. Therefore,
in the remainder of this paper we will only consider thé;; where i< j.

2 The first ontology is a part of AMA, the second ontology is a part of MCand the alignment
is a part of the alignment between AMA and NCI-A as defined in OAEI 2011

% We use only concept names and no roles. The axioms in the TBox are fafrth A T B or
A = C, and the ABox is empty.
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Fig. 1. (Part of an) Ontology network.

Definition 5. Let C be a set of named concepts.kAowledge bases then a set of
axioms of the formd — B with A € C and B € C. A model of the knowledge base
satisfies all axioms of the knowledge base.

In the algoritms we initialize KBs with an ontology. This nmsathat for ontology
O=(C,T) we create a KB such thati(B) € T iff A — B is an axiom in the KB.

For the KBs, we assume that they are able to do deductivedbigierence. Further,
we need the following reasoning services. For a given statéthe KB should be able
to answer whether the statement is entailed by the* IR statement is entailed by the
KB, it should be able to return the derivation paths (expii@na) for that statement. For
a given named concept, the KB should return the super-cémeap the sub-concepts.

The KBs can be implemented in several ways. For instancedasgription logic
system could be used. In our settting, where we deal withntaxes, we have used an
efficient graph-based implementation. We have represéhésohtologies using graphs
where the nodes are concepts and the directed edges rdpresésta relations. The
entailment of statements of the foin— b can be checked by transitively following
edges starting at. If b is reached, then the statement is entailed, otherwisefnot- b
is entailed, then the derivation paths are all the diffepaths obtained by following
directed edges that start@find end ab. The super-concepts afare all the concepts
that can be reached by following directed edges startiag Bite sub-concepts afare
all the concepts for which there is a path of directed edgatsirsg at the concept and
ending ina.

3 Approach and Algorithms

Our framework consists of two major components - a debuggomgponent and an
alignment component. They can be used independently orosedhteraction. The
alignment component detects and repairs missing and wragupimgs between on-
tologies, while the debugging component additionally distand repairs missing and

“In our setting, entailment by ontology can be reformulated as entailmefBby



\ USER

* 3 3 3 3 Y 3 + 3
Ch ol Chodse a
o0se an onlology missing/wrong Choose
or pair of ontologics y y y | is-arelation or mapping repairing y
| | actions
I Phase 1: Phase 2: Phase 3.1: Phase 3.2: | Phase 3.3: | Phase 3.4:
| _ ! !
[_—L> Detect ::> Validate :> :> Rank wrong/ [_—L> E>
candidate candidate Generate missing Recommend | Execute
| missing is-a missing is-a repairing is-a relations ! repairing repairing
| relations and relations and actions and | actions actions
| mappings mappings mappings |
| 3 3 A A A A |
| |
1 1

|
|
\ A A |
|
|

Ontologies and mappings

/ /
Candidate missing is-a frelations and mappillgs ‘

/
Missing/Wrong is-a relations and mappings ‘
/ /
‘ Repairing actions (per missing/wrong is-a relations/mappings) ‘

Fig. 2. Workflow.

wrong is-a structure in ontologies. Although we describe tiho components sepa-
rately, in our framework ontology alignment can be seen g&aial kind of debugging.

The workflow in both components consists of three phaseaglwhich wrong and
missing is-a relations/mappings are detected, validatddepaired in a semi-automatic
manner by a domain expert (Figure 2). We note that at any tiamengl the debug-
ging/alignment workflow, the user can switch between diff¢iontologies, start earlier
phases, or switch between the repairing of wrong is-a olatithe repairing of missing
is-a relations, the repairing of wrong mappings and theirigggof missing mappings.
We also note that the repairing of defects often leads to ismodery of new defects.
Thus several iterations are usually needed for completieglébugging/alignment pro-
cess. The process ends when no more missing or wrong istinsland mappings are
detected or need to be repaired.

In the following subsections we describe the componentdtaidinteractions, and
present algorithms we have developed for the different corapts and phases.

3.1 Debugging component
The input for the debugging component is a taxonomy netwark a set of taxonomies
and their alignments. The output is the set of repaired tamues and alignments.

Phase 1: Detect candidate missing is-a relations and mapms.

In this component we focus on detecting wrong and missirgaations and mappings
in the ontology network, based on knowledge that is inhdrettte network. Therefore,
given an ontology network, we use the domain knowledge sgmted by the ontology
network to detect the deduced is-a relations and mappini&inetwork.



For each ontology in the network, the set of candidate missia relations (CMIs)
derivable from the ontology network consists of is-a relasi between two concepts of
the ontology, which can be inferred using logical derivafimm the domain knowledge
inherent in the network (i.e. from the induced ontology & tietwork), but not from
the ontology alone. Similarly, for each pair of ontologiestihe network, the set of
candidate missing mappings (CMMs) derivable from the agplnetwork consists of
mappings between concepts in the two ontologies, which ednfbrred using logical
derivation from the domain knowledge inherent in the nekywbut not from the two
ontologies and their alignment alone.

Definition 6. Let ' = (O, M) be an ontology network, with = {O}7_;, M =
{Mij}ﬁjzl;Kj and induced ontologPny = (Cn,Zn). LetOy = (Ck,Zx). Then, we
define the following.

(L) VEk € 1..n: CMIy, = {(a,b) € Cr x Cg | On ):a—>b/\0k Féa—>b}

is the set of candidate missing is-a relations €@y derivable from the network.
(2)Vi,j € 1.n,i < j:

CMMU = {(a,b) S (Cl X Cj) U (C] X Cl) | On ': a— bA (Cl UCj,IiUIj UMij) I#
a— b}

is the set of candidate missing mappings 10¢,(O;, M,;) derivable from the network.
(3) CMI = U}_, CMIy is the set otandidate missing is-a relations derivable from
the network.

(4) CMM = U}, _;,; CMM;; is the set oftandidate missing mappings derivable
from the network.

The CMIs and CMMs derivable from the network could be founthgis brute-
force method by checking each pair of concepts in the netwddwever, for large
ontologies or ontology networks, this is infeasible. Farftsome of these CMIs and
CMNMs are redundant in the sense that they can be repairedebyeffairing of other
CMIs and CMMs. Therefore, instead of checking all pairs afeapts in the network
we only check all pairs of mapped concepiBhis choice is motivated by the fact that,
in the restricted setting where we assume that all exisirgyrelations in the ontologies
and all existing mappings in the alignments are correcguiitlse shown that all CMIs
and CMMS$ will be repaired when we repair the CMIs and CMMs between radpp
concepts. This guarantees that for the part of the netwarlvfich the is-a structure
and mappings are correct, we find all CMIs and CMMs when ugiegset of all pairs
of mapped concepts. In addition, we may generate CMIs and €Histt were derived
using wrong information. These may later be validated asecbor wrong. As our de-
bugging approach is iterative, after repairing, larger langler parts of the network will
contain only correct is-a structure and mappings. When firadlithe network contains

5 In the worst case scenario the number of mapped concept pairsabteghe total number
of concept pairs. In practice, the use of mapped concepts may sanificeduce the search
space, e.g., when some ontologies are smaller than other ontologiesmetwuek or when not
all concepts participate in mappings. For instance, in the experimentstiorsbche search
space is reduced by almost 90%.

5 |n this setting all candidate missing is-a relations are also missing is-a relaiuhall candi-
date missing mappings are also missing mappings.



1. Initialize K By with ontology network\;
2. Fork:=1 .. n:initializeK Bj, with ontologyOx;
3.Fori:=1..n-1:forj:=i+1..n:

initialize K B;; with ontologies®; andO;;

for every mappindm, n) € M;;: add the axiomn — n to K B;;;

Fig. 3. Initialization for detection.

only correct is-a structure and mappings, it is guarantbat dll defects that can be
found using the knowledge inherent in the network, are fausidg our approach.

Theorem 1. Let / = (0, M) be an ontology network withh = {O}}_, the set of
the ontologies in the network and = {M,;}}',_, ;; the set of representations for
the alignments between these ontologies. Further, asshatall is-a relations in the
ontologies and all mappings in the alignments are correbethe following holds:

(i) For each candidate missing is-a relatidn, b) in ontology®;, there exists a can-
didate missing is-a relatiofiz, y) in ontology®; wherex andy are mapped concepts
in alignments betwee®; and other ontologies in the network, such that the repairing
of (z,y) also repairs(a, b).

(i) For each candidate missing mappirtg, d) such thatc € O, andd € O; with
i # j, there exists a candidate missing mappirgy) such thatz € O, andy € O;,
is a mapped concept in an alignment betwégrand another ontology in the network
andy is a mapped concept in an alignment betwégnand another ontology in the
network, such that the repairing ¢f, y) also repairs(c, d).

Proof. Assume(a, b) is a candidate missing is-a relation@. According to the
definition of candidate missing is-a relation, the relatior b is not derivable fron©;
but derivable from the ontology network. So, there musttextiteast one concept from
another ontology in the network, for instangesuch thatOy = a — z — b. Because
concepts: andz reside in different ontologies, the relatian— = must be supported
by a mapping between a concepin O; and a concepi’ in another ontology, e.g.
O, in the network, such that:(z’) € M;,. (ifi <r)or (z,2’) € M,; (ifr < i), and
On E a — z — 2/ — z. Likewise, for concepts andb, the relationz — b must
also be supported by a mapping between a congept); and a concepy’ in another
ontology, e.gO;,, in the network, such thay{,y) € M,; (if s <j) or (v',y) € Mj, (if ]
< s),suchthaly = z — 3’ — y — b. We can then deduce that— y is derivable
from the ontology network becausey = a — 2 — 2/ — 2 — ¢’ — y — b. Since
a — bis not inferrable fron;, the relationt — y can not be inferred fron®; either.
This means thatz, y) is also a candidate missing is-a relatior(, and the repairing
of (z,y) also repairga, b). This proves statement (i). A similar proof can be given for
statement (ii).

In our algorithm we initialize (Figure 3) a KB for the ontolpgetwork (K By),
KBs for each ontology K B;) and for each pair of ontologies and their alignment
(K B;;). For each pair of mapped concepts within the same ontoleggheck whether



an is-a relation between the pair can be derived from the Kihefetwork, but not
from the KB of the ontology, and if so, it is a CMI. Similarlyif each pair of mapped
concepts belonging to two different ontologies, we checletivlr an is-a relation be-
tween the pair can be derived from the KB of the network, batfroon the KB of the
two ontologies and their alignment, and if so, itis a CMM.

Phase 2: Validate candidate missing is-a relations and majigs.

Since the structure of the ontologies may contain wrongrslations and the align-
ments may contain wrong mappings, some of the CMIs and CMMg eaderived
due to some wrong is-a relations and mappings. Therefarg Have to be validated by
a domain expert. During Phase 2 the domain expert validate€MIs and partitions
them into two setsMZ y containing themissing is-a relationsand WZ 5 containing
thewrong is-a relations In this case we have tha!Z y = U}_; MZI}, with MT;, the
set of missing is-a relations @1, andWIy = Up_, WI,, with WZI,, the set of wrong
is-a relations in0y. Similarly, the CMMs are validated and partitioned into teets;
MM containing themissing mappingsand WM y containing thewrong map-
pings. In this case we have thai My = U jicjm1 MM with MM,; the set of
missing mappings betwee®; andO;, andWMy = U}, ;i WM;; with WM,
the set of wrong mappings betweéh andO;. As an aid to the domain expert, we
have developed recommendation algorithms based on themrsésof is-a and part-of
relations in the ontologies and external domain knowledfer@Net [31] and UMLS
[29]). In addition, the domain expert is provided with theidation path justification)
for the CMI/CMM under validation. The derivation path is teequence of is-a rela-
tions and/or mappings in the KB that leads to the logicah@¢ion of the CMI/CMM.
We note that each validation leads to a debugging oppoytufia CMI or CMM is
validated to be correct, then information is missing and isfations or mappings need
to be added; otherwise, some existing information is wromg ia-a relations and/or
mappings need to be removed.

Phase 3: Repair wrong and missing is-a relations and mappirgy

Once missing and wrong is-a relations and mappings havedigained, we need to

repair them. For each ontology in the network, we want toirgpa is-a structure in

such a way that (i) the missing is-a relations can be derivewh ttheir repaired host
ontologies and (ii) the wrong is-a relations can no longedédved from the repaired
ontology network. In addition, for each pair of ontologie& want to repair the map-
pings in such a way that (iii) the missing mappings can bevddrfrom the repaired

host ontologies of their mapped concepts and the repairganaént between the host
ontologies of the mapped concepts and (iv) the wrong mapgpiag no longer be de-
rived from the repaired ontology network. To satisfy regment (i), we need to add a
set of is-a relations to the host ontology. To satisfy regmient (i), we need to add a
set of is-a relations to the host ontologies of the mappedeyms and/or mappings to

" Using the technique for detection described above or the techniquedysghd alignment
component or any other technique.



the alignment between the host ontologies of the mappedeptsicTo satisfy require-
ments (ii) and (iv), a set of asserted is-a relations andéppings should be removed
from the ontology network. The notion of structural repaimhalizes this. It contains
is-a relations and mappings that should be added to or redrfom® the ontologies and
alignments to satisfy these requirements. These is-daetadind mappings are called
repairing actions.

Definition 7. Let V' = (O, M) be an ontology network, with = {O}}7_;, M =
{Mi;}7j=1.i<; and induced ontolog¥y = (Cn,Zn). LetOy, = (Ck, I). Let MZ;,
and WZ, be the missing, respectively wrong, is-a relations for togp O, and let
MIy = Ul MIyandWIy = U} WI;. Let MM;; and WM,; be the miss-
ing, respectively wrong, mappings between ontolodiesind O; and let MMy =
Ul ic1ic MM and WMy = UZ, WM. Astructural repair for AV with
respect to(MZ N, WIn, MMy, WMy), denoted byR+, R ™), is a pair of sets of
is-a relations and mappings, such that

WMR NRT =10

(QR™ =Ry URp Ry € UPjoriciMigs Rp C Uiy L

B)RT =Ry URT: Ry C U1, ((CixCi)\Mij)i RT C Uiz, ((Crx Ci)\Ti)

(4)Vk € 1.n: ¥(a,b) € MIy: (Cr, (T U (RF N (Ck xC)))\R;) Ea—b

B)Vi,jel.ni<j: V(a,b) € MMij: ((C1 UCj), (Iz U ((Cl X Cl) QR}F) UIj U
((€; x C)) NRE) UMy U((Ci x C) NRED)\R™) Fa— b

6)V(a,b) e WINUWMNUR: (Cn,(ZNURT)\ R ) FEa—1b

The definition states that (1) is-a relations and mappingsaiabe added and re-
moved at the same time, (2) the removed mappings come froorigieal alignments
and the removed is-a relations come from the original asdésta relations in the on-
tologies, (3) the added mappings were not in the originghatients and the added is-a
relations were not original is-a relations in the ontolagi@) every missing is-a rela-
tion is derivable from its repaired host ontology, (5) evetigsing mapping is derivable
from the repaired host ontologies of the mapped concept#haidrepaired alignment,
and (6) no wrong mapping, wrong is-a relation or removed rimgppr is-a relation is
derivable from the repaired network.

In our algorithm, at the start of the repairing phase (Figiee add all missing is-a
relations and mappings to the relevant KBs. As these ardatalil to be correct, this is
extra knowledge that should be used in the repairing proéekting the missing is-a
relations and mappings essentially means that we havereepidiese using the least
informative repairing actions (related to tke; preference in [21]). Then during the
repairing process we try to improve this and find more infdiveaepairing actions. We
say that a repairing action is more informative than anotépairing action if adding
the former to the ontology also allows to derive the lattegéneral, more informative
repairing actions that are correct according to the domampeeferred.

Definition 8. Let(x1,y;) and(z2,y2) be two different is-a relations in the same ontol-
ogy O (i.e.,z1 # x5 OF y1 # y2), then we say thatry, y1) is more informative than
(mg,yg) |ﬁ O ': To — X1 /\yl — Y2.



1.Forki=1.n:
for every missing is-a relatiotu, b) € MZy:
add the axiomu — bto K By;
add the axiomuw — b to K By;
fori:=1..k-1: add the axiomm — bto K B;x;
fori:=k+1 .. n: add the axiom — b to K B;;
2.Fori:=1.n-1:forj:=i+1..n:
for every missing mappingn, n) € MM,;:
add the axiomn — n to K By;
add the axiomm — nto K B;;;
3MIL :=MInN, WIT =WIn, MM := MMy, WM = WMn;
AR, =0;R; =0;RY, =0Ry =0
5.CMZI :=0;CMM := 0;

Fig. 4. Initialization for repairing.

It follows that if (1, y1) is more informative thaizz, y2) andO = z; — y; then
O | x2 — yo. Therefore, adding or removing more informative repaiaegons, adds
or removes more knowledge than less informative repairatigas.

As an example, consider the missing is-a relaifpasal bone, bonen the first
ontology in Figure 1. Knowing thatasal bone— viscerocranium boneaccording to
the definition of more informative, we know th@tiscerocranium bone, boné& more
informative than(nasal bone, boneAs viscerocranium bonactually is a sub-concept
of boneaccording to the domain, a domain expert would prefer to lisertore infor-
mative repairing action for the given missing is-a relaffon

Further, we initialize global variables for the currentssef missing (M7) and
wrong (W1I) is-a relations, and the current sets of missing.A1) and wrong YW.M)
mappings based on the validation results. Further, theoée¢pairing actions®; and
R; for is-a relations, an@®R}, andR,, for mappings), and the current sets of CMis
(CMZ) and CMMs CMM) are initialized tol.

A naive way of repairing would be to compute all possible ueal repairs for the
network with respect to the validated missing is-a relaiand mappings for all the
ontologies in the network. This is in practice infeasibletasvolves all the ontologies
and alignments and all the missing and wrong is-a relatioilsraappings in the net-
work. It is also hard for domain experts to choose betweertktral repairs containing
large sets of repairing actions for all the ontologies amghahents. Therefore, in our
approach, we repair ontologies and alignments one at a forethe selected ontol-
ogy (for repairing is-a relations) or for the selected afigmt and its pair of ontologies
(for repairing mappings), a user can choose to repair theingior the wrong is-a re-
lations/mappinggPhase 3.1-3.4)Although the algorithms for repairing are different
for missing and wrong is-a relations/mappings, the repgigoes through the phases
of generation of repairing action®ljase 3.}, the ranking of is-a relations/mappings

8 We also note that usingyiscerocranium bone, bonay repairing action would also immedi-
ately repair the missing is-a relatiofmaxilla, boneyand(lacrimal bone, bone)



1. Computedill Just(w,r, O.)

whereO, = (C., Z.) such thaC. = U;_,C, and

Te = ((Up=aZi) U (U7 jm1jicyMig) UMIN U MMy URT URR)\ (Ry URY);
2. ForeveryI’ € AllJust(w,r, Oe):

choose one element frofff \ (MZy UMMy UR] UR},) to remove;

Fig. 5. Algorithm for generating repairing actions for wrong is-a relations angpimgs.

according to the number of repairing actiof®hése 3.2, the recommendation of re-
pairing actionsPhase 3.3and finally, the execution of repairing actiof®h@se 3.4

Wrong is-a relations and mappings. Figure 5 shows the algorithm for generating
repairing actions for a wrong is-a relation or mapping (Rh&4). This algorithm is
run for all wrong is-a relations (elements MZ) and mappings (elements WM).

It computes all justifications (AllJust) for the wrong is-@ation or mapping (w,r) in
the current ontology network.). The current network is the original network where
the repairs up to now have been taken into account (i.e., ialing is-a relations are
repaired by adding them while some are repaired using méoenmative repairing ac-
tions in R}, missing mappings have been repaired by adding them or tyjiriiegp
actions inR ™M or R}, and some is-a relations and mappings are already repajred b
removing is-a relations and mappingsRy andR ), respectively). A justification for
awrong is-a relation or mapping can be seen as an explaratiamy this is-a relation
or mapping is derivable from the network.

Definition 9. (similar definition as in [15]) Given an ontolog9 = (C,Z), and(a,b) €

C x C an is-a relation derivable fron®, then,Z’ C 7 is ajustification for (a,b) in O,
denoted bylust(Z’, a, b, O) iff (i) (C,Z’) E a — b; and (ii) there is naZ” C Z’ such
that (C,Z") = a — b. We uséAll_Just(a, b, O) to denote the set of all justifications for
(a,b)in O.

The algorithm to compute justifications initializes a KB itak into account the
repairing actions up to now. To compute the justificationsife- b in our graph-based
implementation, all the different paths obtained by folllogvdirected edges that start
ata and end ab are collected. Among these the minimal ones (W).&re retained.

The wrong is-a relation or mapping can then be repaired byverg at least one
element in every justification. However, missing is-a fielad, missing mappings, and
added repairing actions (is-a relations in ontologies aagpings) cannot be removed.
Using this algorithm structural repairs are generatediti@iide only contributing re-
pairing actions (preference 4 in [21]).

In general, there will be many is-a relations/mappings testd to be repaired and
some of them may be easier to start with such as the ones with fepairing actions.
We therefore rank them with respect to the number of possedpairing actions (Phase
3.2). Further, we implemented a recommendation algorithhage 3.3) that assigns a
priority to each possible repairing action based on hownoitteccurs in the justifica-
tions and its importance in already repaired is-a relataorsmappings.



Repair missing is-a relation (a,b) withcaOy, and be Oy:
Choose an element from GenerateRepairingActions(&, By );

Repair missing mapping (a,b) withcaO; and be O;:
Choose an element from GenerateRepairingActions(&,8;);

GenerateRepairingActions(a, b, KB):
1. Source(a, b) := super-conceptaj — super-concepts) in KB;
2. Target(a,b) := sub-conceptd] — sub-conceptsy) in KB;
3. Repair(a,b) := Source(a,b) x Target(a,b);
4. For each(s, t) € Source(a,b) x Target(a,b):
if (s,t) e WIUWMUTR; UR,, thenremoves,t) from Repair(a,b);
else if3(u,v) € WIUWMUR; UR,, : (s,t) is more informative thaifu, v) in KB
andu — s andt — v are derivable from validated to be correct only is-a relations and/opimgg
then remove s, t) from Repair(a, b);
5. returnRepair(a, b);

Fig. 6. Algorithm for generating repairing actions for missing is-a relations angpings.

Once the user decides on repairing actions, the choserrirgpattions are then
removed from the relevant ontologies and alignments (PBa9eand a number of up-
dates need to be done. First, the wrong is-a relation (or mgpjs removed fromAVZ
(or WM). The chosen repairing actions that are is-a relations mréology are added
to R; and repairing actions that are mappings are adde jo Some other wrong
is-a relations or mappings may also have been repaired layrigp the current wrong
is-a relation or mapping (upda®Z andW.M). Also, some repaired missing is-a rela-
tions and mappings may also become missing again (updifeand M M). Further,
new CMIs and CMMs may appear (upd&@1Z andC MM - and after validation up-
dateCMZ, MZ, WZ,C MM, MM andWM). In other cases the possible repairing
actions for wrong and missing is-a relations and mappingg change (update justifi-
cations and sets of possible repairing actions for missirayrielations and mappings).
We also need to update the KBs.

Missing is-a relations and mappings.It was shown in [18] that repairing missing is-a
relations (and mappings) can be seen as a generalized TBoxt&n problem. Figure
6 shows our solution for the computation of repairing actifor a missing is-a relation
or mapping (Phase 3.1). The algorithm, an extension of tgerighm in [21], takes
into consideration that all missing is-a relations and mgsappings will be repaired
(least informative repairing action), but it does not takiiaccount the consequences
of the actual (possibly more informative) repairing actidhat will be performed for
other missing is-a relations and other missing mappings. mkin component of the
algorithm (GenerateRepairingActions) takes a missirgrstation or mapping as input
together with a KB. For a missing is-a relation this is the KBresponding to the host
ontology of the missing is-a relation; for a missing mappinig is the KB correspond-
ing to the host ontologies of the mapped concepts in the ngssiapping and their



alignment. In this component for a missing is-a relation @pping we compute the
more general concepts of the first concept (Source) and the specific concepts of
the second concept (Target) in the KB. To not introduce ralidated equivalence re-
lations where in the original ontologies and alignmentsdtage only is-a relations, we
remove the super-concepts of the second concept from Sa@mdehe sub-concepts of
the first concept from Target. Adding an element from Sowrdarget to the KB makes
the missing is-a relation or mapping derivable. Howevemes@lements in Source
Target may conflict with already known wrong is-a relationsmappings. Therefore,
in Repair, we take the wrong is-a relations and mappings laadormer repairing ac-
tions for wrong is-a relations and mappings into accoung ftissing is-a relation or
mapping can then be repaired using an element in Repair. @etmat for missing is-a
relations, the elements in Repair are is-a relations in dst dntology for the missing
is-a relation. For missing mappings, the elements in Regaaitbe mappings as well as
is-a relations in each of the host ontologies of the mappeadeajats of the missing map-
ping. Using this algorithm structural repairs are generétat include only contributing
repairing actions, and repairing actions of the fqumt) or (s, b) for missing is-a rela-
tion or mappinga, b) do not introduce non-validated equivalence relationsfépemces
<4 and< gy in [21]).

In Phase 3.2 we rank the is-a relations/mappings that nebd tepaired with re-
spect to the number of possible repairing actions. In Pha&sa 8Becommendation al-
gorithm (as defined in [21]) computes for missing is-a relatiz, b) the most informa-
tive repairing actions fronSource(a, b) x Target(a, b) that are supported by domain
knowledge (WordNet and UMLS).

When the selected repairing action isRepair(a, b), the repairing action is added
to the relevant ontologies and alignments, and a number @étep need to be done.
First, the missing is-a relation (or mapping) is removedrftd1Z (or MM) and the
chosen repairing action is added & or R}, depending on whether it is an is-a
relation within an ontology or a mapping. Further, new CMisl £MMs may appear.
Some other missing is-a relations or mappings may also hese tepaired by repairing
the current missing is-a relation or mapping. Some repaingmhg is-a relations and
mappings may also become derivable again. In other caspss$lible repairing actions
for wrong and missing is-a relations and mappings may chaffgealso need to update
the KBs.

3.2 Alignment component

The input for the alignment component consists of two taxoies. The output is an
alignment.

Phase 1: Detect candidate missing mappings.

In ontology alignment mapping suggestions are generatéchvéissentially are CMMs.
While the generation of CMMs in the debugging component isezi§ip kind of ontol-
ogy alignment using the knowledge inherent in the netwarkhée alignment compo-
nent we use other types of alignment algorithms. Matchersiaed to compute simi-
larity values between concepts in different ontologiese Tésults of the matchers can



be combined and filtered in different ways to obtain mappinggestions. In our ap-
proach we have currently used the linguistic, WordNet-bas®d UMLS-based algo-
rithms from the SAMBO system [23]. The matchregramcomputes a similarity based
on 3-grams. The match@ermBasicuses a combination of n-gram, edit distance and
an algorithm that compares the lists of words of which thenteare composed. The
matcherTermWNextends TermBasic by using WordNet for looking up is-a refet.
The matchetJMLSMuses the domain knowledge in UMLS to obtain similarity value
The results of the matchers can be combined using a weigiwedapproach in which
each matcher is given a weight and the final similarity vale®sJeen a pair of concepts
is the weighted sum of the similarity values divided by thensaf the weights of the
used matchers. Further, we use a threshold for filtering.idgb@oncepts is a mapping
suggestion if the similarity value is equal to or higher tlaagiven threshold value.

We note that in the alignment component the search space restoicted to the
mapped conceptsnly - similarity values are calculated for all pairs of cepts. KBs
are initialized, in the same way as in the debugging compif@nthe taxonomy net-
work and the pairs of taxonomies and their alignments. We atge that no initial
alignment is needed for this component. Therefore, if atignts do not exist in the
network (at all or between specific ontologies) this commbrmeay be used before
starting debugging.

Phase 2: Validate candidate missing mappings.

The CMMs (mapping suggestions) are presented to a domaiertefqy validation,
which is performed in the same way as in the debugging commomnbe domain expert
can use the recommendation algorithms during the valida®well. As before, the
CMMs are partitioned into two sets - wrong mappings and mgsnappings. The
wrong mappings are not repaired since they are not in therakgts. However, we store
this information in order to avoid recomputations and fanftiot checking/prevention.
The concepts in the missing mappings are added to the seambed concepi® they
are not already there), and they will be used the next time GhMIIs are derived in
the debugging component.

Phase 3: Repairing missing mappings.

As mentioned, we only need to repair the missing mappingsally, the missing map-
pings are added to the KBs in the same way as in the debuggmgarent and then
we try to repair them using more informative repairing atsioFor repairing a miss-
ing mapping the same algorithms as in the debugging compamnerused to generate
the Source and Target sets and the repairing process cestmith the same actions
described for the debugging workflow. In Phase 3.4 the rigygpérctions are executed
analogically to those in the debugging component and tleisequences are computed.
Further, the concepts in the repairing actions are addedaketsdt ofmapped concepts
(if not there yet).



3.3 Interaction between the components

The alignment component generates CMMs that are validatdeisame way as in the
debugging component. The CMMs validated to be correct aitermissing mappings
that are not found by the debugging component. Further,riegylead to new mapped
concepts that are used in the debugging component. The CMNated to be wrong
are used to avoid unnecessary recomputations and vahdatio

The debugging component repairs the is-a structure and #ppimgs. This can
be used by the alignment component. For instance, the peaifare of structure-based
matchers (e.g., [23]) and partial-alignment-based pregssing and filtering methods
[19] heavily depends on the correctness and completengle -a structure.

We also note that the different phases in the components eantdrleaved. This
allows for an iterative and modular approach, where, fotaimse, some parts of the
ontologies can be fully debugged and aligned before pracged other parts.

4 Use of Implemented System

Detecting and validating candidate missing is-a relationgnd mappings.

In RepOSE, the user loads the ontologies and alignmentsn(\atlable). Then the
user can use the tab 'Stepl: Generate and Validate Canditisséng is-a Relations’
(Figure 7) and choose an ontology for which the CMIs are cdethuThe user can
validate all or some of the CMIs as well as switch to anoth¢ology or another tab.
CMis are vizualized in groups in order to show them in themteat, while avoiding
cluterring of the display. Initially, CMIs are shown using@ws labeled by '?’ (as in
Figure 7 for(acetabulum, join§)which the user can toggle to "W’ for wrong relations
and 'M’ for missing relations. For each CMI the justificationthe ontology network
is shown as an extra aid for the user. For instance, in Figypmalatine bone, bone)
is selected and its justifications shown in the justificagipanel. Concepts in different
ontologies are presented with different background cdlbe domain expert can also
ask for recommendations. When a user decides to finalize tidatran of a group
of CMIs, RepOSE checks for contradictions in the currentdegion as well as with
previous decisions and if contradictions are found, theecurvalidation will not be
allowed and a message window is shown to the user.

A similar tab 'Step 2: Generate and Validate Candidate Migd¥appings’ can
be used to choose a pair of ontologies and their alignmenivfach the CMMs are
generated and, to validate them.

Detecting and validating candidate missing mappings - aligment component.

Tab 'Step 2: Generate and Validate Candidate Missing Maygpiis also used for the
computation and validation of CMMs from the alignment comgat. Clicking on the
Configure and Run Alignnent Al gorithns button opens a configuration
window (Figure 8) where the user can select the matcheiis wiegghts and the thresh-
old for the computation of the mapping suggestions. Cliglon theRun button starts
the alignment process. The similarity values for all pairsancepts belonging to the
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Fig. 7. Generating and validating CMIs.

selected ontologies are computed, combined and filterad! tfen resulting mapping

suggestions are shown to the user for validation. The viididgrocess continues in a
similar way as for the CMIs. During the validation a label be £dge shows the origin
of the CMMs - derived from the network, computed by the aligmincomponent or

both. The CMMs computed only by the alignment algorithms dotrave justifications

since they were not logicaly derived. The rest of the proteas described above.

Repairing wrong is-a relations and mappings.

Figure 9 shows the RepOSE tab 'Step 3: Repair Wrong is-a Rektfor repairing
wrong is-a relations. Clicking on tHéener at e Repai ri ng Acti ons button, re-
sults in the computation of repairing actions for each wrisagrelation of the ontology
under repair. The wrong is-a relations are then ranked ierang order according to
the number of possible repairing actions and shown in a dmpn list. Then, the user
can select a wrong is-a relation and repair it using an iotedisplay. The user can
choose to repair all wrong is-a relations in groups or onery. dhe display shows a
directed graph representing the justifications. The nodpsesent concepts. As men-
tioned before, concepts in different ontologies are prieskwith different background
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color. The concepts in the is-a relation under repair argvaho red. The edges repre-
sent is-a relations in the justifications. These is-a r@tetimay be existing asserted is-a
relations (shown in grey), mappings (shown in brown), uaneggl missing is-a relations
(shown in blue) and the added repairing actions for the reganissing is-a relations
(shown in black).

In Figure 9 the user has chosen to repair several wrong iafoms at the same
time, i.e.,(brain grey matter, white matterfcerebellum white matter, brain grey mat-
ter), and (cerebral white matter, brain grey matterin this example we can repair
these wrong is-a relations by removing the mappings betwegn grey matterand
Brain_White Matter. We note that, when removing these mappings, all these wrong
is-relations will be repaired at the same time.

For the wrong is-a relations under repair, the user can ehduysclicking, multiple
existing asserted is-a relations and mappings on the gigdaepairing actions and
click the Repai r button. RepOSE ensures that only existing asserted isatioes$
and mappings are selectable, and when the user finalizesph# decision, RepOSE
ensures that the wrong is-a relations under repair and eadegted is-a relation and
mapping will not be derivable from the ontology network aftiee repairing. Further,

° From OAEI 2010 Anatomy.
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Fig. 9. Repairing wrong is-a relations.

all consequences of the repair are computed (such as chintipesrepairing actions
of other is-a relations and mappings and changes in thedfistsong and missing is-a
relations and mappings).

A similar tab ('Step 4: Repair Wrong Mappings’) is used foragmg wrong map-
pings.

Repairing missing is-a relations and mappings.

Figure 10 shows the RepOSE tab 'Step 5: Repair Missing iskatiBes’ for repairing
missing is-a relations. Clicking on théener at e Repai ri ng Acti ons button,
results in the computation of repairing actions for the migss-a relations of the on-
tology under repair. For easy visualization, these are shtowthe user as Source and
Target sets (instead of Repair). Once the Source and Tagedi® computed, the miss-
ing is-a relations are ranked with respect to the number e§ipte repairing actions.
The first missing is-a relation in the list has the fewest fsgepairing actions, and
may therefore be a good starting point. When the user choosgssing is-a rela-
tion, its Source and Target sets are displayed on the leftight] respectively, within
the Repai ri ng Acti ons panel (Figure 10). Both have zoom control and can be
opened in a separate window. Similarly to the displays fasngris-a relations, con-



cepts in the missing is-a relations are highlighted in rettimg asserted is-a relations
are shown in grey, unrepaired missing is-a relations in Bhgtadded repairing actions
for the missing is-a relations in black. For instance, Féglil® shows the Source and
Target sets for the missing is-a relatilower respiratory tract cartilage, cartilage)
which contain 2 and 21 concepts, respectively. The Targe¢lphows also the unre-
paired missing is-a relatiofnasal septum, nasal cartilagefheJusti fi cati ons

of current rel ation panelis aread-only panel that displays the justifications
of the current missing is-a relation as an extra aid.
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Fig. 10.Repairing missing is-a relations.

The user can repair the missing is-a relation by selectingnegept in the Source
panel and a concept in the Target panel and clicking ofRépai r button. When the
selected repairing action is not Repair(a, b), the repairing will not be allowed and a
message window is shown to the user. Further, all consegqa@f@ chosen repair are
computed (such as changes in the repairing actions of atfeerélations and mappings
and changes in the lists of wrong and missing is-a relatiods@appings).

The tab 'Step 6: Repair Missing Mappings' is used for repgirissing mappings.
The main difference with the tab for repairing missing i®lations is that we deal with
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Fig. 11.Experiment 1 results - debugging of the alignment.

two ontologies and their alignment and that the repairirtgpas can be is-a relations
within an ontology as well as mappings.

5 Experiments

We performed three experiments to demonstrate the benkfite mtegrated ontology
alignment and debugging framework. As input for Experinfeand 2 we used the two
ontologies from the Anatomy track of OAEI 2011 - AMA contaia§37 concepts and
1,807 asserted is-a relations, and NCI-A contains 3,298aquts and 3,761 asserted is-
a relations. The input for the last experiment containedéfierence alignment (1516
equivalence mappings between AMA and NCI-A) together withttvo ontologies. The
reference alignment was used indirectly as external krgdeduring the validation
phase in the first two experiments. The experiments werepeed on an Intel Core i7-
2620M Processor 2.7GHz with 4 GB memory underWindows 7 Beifé@al operating
system and Java 1.7 compiler.

Experiment 1 - aligning and debugging OAEI Anatomy. The first experiment
demonstrates a complete debugging and aligning sessiorewheinput is a set with
the two ontologies. After loading the ontologies mappinggastions were computed
using matchers TermWN and UMLSM, weight 1 for both and thré&sBdb. This re-
sulted in 1384 mapping suggestions. The 1233 mapping stiggeshat are also in the
reference alignment were validated as missing equivaleraqgpings (although, as we
will see, there are defects in the reference alignment) apdired by adding them to
the alignment. The others were validated manually and tesith missing mappings
(53 equivalence and 39 is-a) and wrong mappings (59 equivaland 39 is-a). These
missing mappings were repaired by adding 53 equivalence28rid-a mappings, 5
more informative is-a mappings and 5 is-a relations (3 to AMA 2 to NCI-A). 5 of
these missing mappings were repaired by repairing othen®ngy the wrong mappings
there were 3 which were derivable in the network. These wegraired by removing 2
is-a relations from NCI-A. Figure 11 summarizes the results

The generated alignment was then used in the debugging ofettveork created
by the ontologies and the alignment. Two iterations of theudging workflow were
performed, since the repairing of wrong and missing is-ati@hs in the first iteration
led to the detection of new CMIs which had to be validated améired. Over 90% of
the CMiIls for both ontologies were detected during the fiestaition, the detection of
CMis took less than 30 seconds per ontology. Figure 12 suimesathe results.
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Fig. 12.Experiment 1 results - debugging of the ontologies.

In total the system detected 263 non-redundant (410 in)tGfslls for AMA and
183 non-redundant (355 in total) CMIs for NCI-A. The nonuadant CMIs were dis-
played in groups, 45 groups for AMA and 31 for NCI-A. Among 268 non-redundant
CMils in AMA 224 were validated as correct and 39 as wrong. In4d66 were val-
idated as correct and 17 as wrong. The 39 wrong is-a relaitinAMA were repaired
by removing 30 is-a relations from NCI-A, and 8 equivalenod & is-a mapping from
the alignment. The 17 wrong is-a relations in NCI-A were regghby removing 17 is-a
relations in AMA. The missing is-a relations in AMA were régal by adding 201 is-a
relations - in 144 cases the missing is-a relation itselfiar&V cases a more informa-
tive is-a relation. 23 of the 224 missing is-a relations peealerivable after repairing
some of the others. To repair the missing is-a relations ihNCA40 is-a relations were
added - in 127 cases the missing is-a relation itself and inak&s a more informa-
tive is-a relation. 26 out of the 166 missing is-a relatiorsewepaired while other is-a
relations were repaired.

We observe that for 57 missing is-a relations in AMA and 13 @I the repairing
actions are more informative than the missing is-a relaiteelf. This means that for
each of these, knowledge, which was not derivable from theork before, was added
to the network. Thus the knowledge represented by the agitd@and the network has
increased.

Experiment 2. For this experiment the alignment process was run twice and a
the end the alignments were compared. The same matcheghtwand threshold as
in Experiment 1 were used. During both runs the CMMs (mappinggestions) were
computed and validated in the same manner. This step is asparifnent 1 and the
results are the ones in Figure 11. The difference betwednroost is in the repairing
phase. In the first run the missing mappings were repairedrbgtly adding them to
the final alignment without benefiting from the repairingalithms - in the same way
most of the alignment systems do. The final alignment coathir286 equivalence and
44 is-a° mappings.

During the repairing phase in the second run the debuggingoaent was used to
provide alternative repairing actions than those avadlablthe initial set of mapping
suggestions. The final alignment then contained 1286 elgniva mappings from the
mapping suggestions, 21 is-a mappings from the mappingestiggs, and 5 more
informative is-a mappings, thus adding knowledge to thevak. Further, 5 mapping
suggestions were repaired adding is-a relations (3 in AM& 2 NCI-A) and thus

105 of these are repaired in the second run by adding is-a relations in tHegiato



adding more knowledge to each of the ontologies. 5 more mgppiggestions became
derivable from the network as a result from the repairingpastfor other CMMs.

Experiment 3. In this experiment the debugging process was run twice, Giéle
detected for both ontologies and compared between the Tlaiesnput for the first run
was the set of the two ontologies and their alignment fromAthatomy track in OAEI
2011. The network was loaded in the system and the CMIs wdeztdel. 496 CMIs
were detected for AMA, of which 280 were non-redundant. FGt 365 CMIs were
detected of which 193 were non-redundant. The same inputigexsin the second run.
However, the alignment algorithms were used to extend th&ile mappings prior
to generating the CMIs. The set-up for the aligning was timeesas in Experiment 1
and the mapping suggestions were computed, validated padted in the same way
as well. Then CMIs were generated - 638 CMIs were detectedNoA of which 357
were non-redundant, and 460 CMIs for NCI-A, of which 234 weoa-redundant. In
total 145 new CMIs were detected for AMA - 120 were validatedrdssing and 25
validated as wrong. For NCI-A 103 new CMIs were detected - 53 were validated as
missing and 50 as wrong.

Discussion.Experiment 1 shows the usefulness of the system through aletem
session where an alignment was generated and many defetts antologies were
repaired. Some of the repairs added new knowledge. As a Hil#, eve have shown
that the ontologies that are used by the OAEI contain overa&@)150 missing is-a
relations, respectively and 39 and 17 wrong is-a relatieespectively. We have also
shown that the alignment is not complete and contains wnaiogrnation. We also note
that our system allows validation and allows a domain exfzedistinguish between
equivalence and is-a mappings. Most ontology alignmenegys do not support this.

Experiment 2 shows the advantages for ontology alignmeetvelso a debugging
component is added. The debugging component allowed to adel imformative map-
pings, reduce redundancy in the alignment as well as deligritologies leading to
further reduced redundancy in the alignment. For the ogtetoand alignment new
knowledge not found when only aligning, was added. In gdn#éraquality of the final
alignment (and the ontologies) becomes higher.

Experiment 3 shows that the debugging process can take tageanf the alignment
component even when an alignment is available. The alighaigarithms can provide
additional mapping suggestions and thus extending tharakgt. More mappings be-
tween two ontologies means higher coverage and possiblg detected and repaired
defects. In the experiment more than 100 CMlIs (of which mamyect) were detected
for each ontology using the extended set of mappings. Wenalsothat the initial align-
ment contained many mappings (1516). In the case that thenaéint contains fewer
mappings the benefit to the debugging process will be evee significant.

1 The sum of the newly generated CMIs and those in the first run is not tmtiee number of
the CMls in the second run because some of the CMIs generated in thraffire derivable
in the second run.



6 Related Work

To our knowledge there is no other system that integratedagyt debugging and on-
tology alignment in a uniform way and that allows for a strantgrleaving of these
tasks. There are some ontology alignment systems that dangenverification and
disallow mappings that lead to unsatisfiable concepts, (E.8, 14]). Further, adding
missing is-a relations to ontologies was a step in the al@rtrprocess in [19].

Regarding the debugging component, this work extends th& imd21, 20] that
dealt with debugging is-a structure in taxonomy networksese were one of the few
approaches dealing with repairing missing is-a structuet ia the case of [20] de-
bugging both missing and wrong is-a structure. The curremwkwextends this by also
including debugging of mappings in a uniform way as well amlgy alignment. The
ontology alignment component also removed the restriabf20] that required the
existence of an initial alignment.

There are different ways tbetectmissing is-a relations. One way is by inspection
of the ontologies by domain experts. Another way is to useraal knowledge sources.
For instance, there is much work on finding relationshipg/beh terms in the ontology
learning area [2]. Regarding the detection of is-a relati@me paradigm is based on
linguistics using lexico-syntactic patterns. The pionggresearch conducted in this
line is in [9], which defines a set of patterns indicating ieationships between words
in the text. Another paradigm is based on machine learnimgsaatistical methods.
Further, guidelines based on logical patterns can be udedii¢se approaches are
complementary to the approach used in this paper. Therevgg\rer, not much work
on therepairing of missing is-a relations that goes beyond adding them tortteogies
except for [21] for taxonomies and [18] fotLC acyclic terminologies.

There is more work on the debugging of semantic defects. Ffastims at iden-
tifying and removing logical contradictions from an ontgjo Standard reasoners are
used to identify the existence of a contradiction, and gleupport for resolving and
eliminating it [7]. In [26] minimal sets of axioms are idefigid which need to be re-
moved to render an ontology coherent. In [17, 16] strategrieslescribed for repairing
unsatisfiable concepts detected by reasoners, explaradtemors, ranking erroneous
axioms, and generating repair plans. In [8] the focus is omtaiming the consistency
as the ontology evolves through a formalization of the sdivanf change for ontolo-
gies. [28] introduces a method for interactive ontology wghng. In [24] and [13]
the setting is extended to repairing ontologies connecyaddppings. In this case, se-
mantic defects may be introduced by integrating ontologdegh works assume that
ontologies are more reliable than the mappings and try t@overaome of the mappings
to restore consistency. The solutions are often based onaimgutation of minimal
unsatisfiability-preserving sets or minimal conflict s@tise work in [25] further char-
acterizes the problem as mapping revision. Using beliei@v theory, the authors
give an analysis for the logical properties of the revisilgodathms. Another approach
for debugging mappings is proposed in [30] where the autfuanss on the detection
of certain kinds of defects and redundancy. The approaci5hdeals with the in-
consistencies introduced by the integration of ontolggiesl unintended entailments
validated by the user.



Regarding the alignment component there are some systenallibw validation
of mappings such as SAMBO [23], COGZ [6] for PROMPT, and COMA5]. Many
matchers have been proposed (e.g. many papers on httptd@ymatching.org/), and
most systems use similar combination and filtering strategs in this paper. For an
overview we refer to [27].

7 Conclusion

In this paper we presented a unified approach for aligningrtamies and debugging
taxonomies and their alignments. This is the first approaliciwintegrates ontology
alignment and ontology debugging and allows debugging & biwe structure of the
ontologies as well as their alignments. Further, we haveveithe benefits of our ap-
proach through experiments. The interactions betweeragy@lignment and debug-
ging significantly raise the quality of both taxonomies ahdit alignments. The on-
tology alignment provides or extends alignments that aed Uy the debugging. The
debugging provides algorithms for repairing defects igralients and possibly add
new knowledge.

We will continue exploring the interactions between ongglalignment and debug-
ging. We will include and investigate the benefits when ustngcture-based alignment
algorithms and partial-alignment-based techniqueshurtve will investigate the de-
bugging problem for ontologies represented in more expre$srmalisms.
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