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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¢ioten
the quality of the ontologies and mappings between the ontologies they esploy.
key step towards achieving high quality ontologies and mappings is disegver
and resolving modeling defects, e.g., wrong or missing relations apgings. In

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

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

the detection and repairing of missing and wrong is-a structure in taxospase
well as the detection and repairing of missing (alignment) and wrong mggpin
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.

1 Motivation

To obtain high-quality results in semantically-enableplaations such as the ontology-
based text mining and search applications, high-qualitglogies 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, some ttrakrelations may be miss-
ing or some existing or derivable relations may be unintdndéis is not an uncom-
mon case. It is well known that people who are not expert imkadge representation
often misuse and confuse equivalence, is-a and part-of, (€]y Further, ontology
alignment systems are used for generating alignments anghawn in the Ontology
Alignment Evaluation Initiative (OAEI, http://oaei.ontgymatching.org/), alignments
usually contain mistakes and are incomplete. Such ontéagid alignments, although
often useful, lead to problems when used in semanticalapked applications. Wrong
conclusions may be derived or valid conclusions may be misse

A key step towards high-quality ontologies and alignmestiebugging the ontolo-
gies and alignments. During the recent years several agipesdnave been proposed for
debugging semantic defects in ontologies, such as unaatisfioncepts or inconsistent
ontologies (e.g., [24, 14, 15, 8]) and related to mappings (2, 11, 23, 28]) or inte-
grated ontologies [13]. Further, there has been some wodletatting modeling defects
(e.g., [9, 3]) such as missing relations, and repairing ringelefects [19, 18, 16]. The



increased interest in this field has also led to the creati@mdnternational workshop
on this topic [20]. In a separate sub-field of ontology engiiray, ontology alignment,
the correctness and completeness of the alignments hasotmatly received much at-
tention (e.g., [25]). 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 spaathbf debugging. We
propose an integrated framework that, although it can bé asen ontology debugging
framework or an ontology alignment framework, presentstamdl benefits for both
and leads to an overall improvement of the quality of the logies and the alignments.
The ontology alignment provides new information that camused for debugging and
the debugging provides new information that can be used éythology alignment.
Further, the framework allows for the interleaving of diffat debugging and align-
ment phases, thereby in an iterative way continuously gingrnew information and
improving the quality of the information used by the frameko

In sections 3, 4, 5 and 6 we propose our unified approach fotagy alignment and
debugging. To our knowledge this is the first approach thagiates ontology debug-
ging and ontology alignment in a uniform way and that alloatsd strong interleaving
of these tasks. We present a framework (Section 3), algositfor the components
(Sections 4 and 5) and their interactions (Section 6). leurthe show the advantages
of our approach in Section 7 through experiments with thelogtes and alignment
of the OAEI 2011 Anatomy track. Related work is given in SectB and the paper
concludes in Section 9. However, we start with some premés.

2 Preliminaries

In this section we introduce notions that are needed for ppiraach. This paper focuses
ontaxonomiesO = (C,Z), the most widely used type of ontologies, whéres a set
of atomic concepts and C C x C represents a set of atomic concept subsumptions
(is-a relations). In the following we use 'ontologies’ ataXonomies’ interchangeably.
An alignment between ontologie®; andQ; is represented by a s8tl;; of mappings
between concepts in different ontologies. The conceptgptindicipate in mappings are
calledmapped conceptsEach mapped concept can participate in multiple mappings
and alignments. We currently consider equivalence magp{ay and is-a mappings
(subsumed-by-¢) and subsumes)).

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

Definition 1. Ataxonomy network AV is a tuple(Q, M) with © = {0} }}_, the set of
the ontologies in the network add = {M;;} the set of representations for
the alignments between these ontologies.

n
1,j=1;1<j

Figure 1 shows a small ontology network with two ontologimancepts are represented
by nodes and the is-a structures are represented by diredtggs) and an alignment
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Fig. 1. (Part of an) Ontology network.

(represented by dashed edgkdhe alignment consists of 10 equivalence mappings.
One of these mappings represents the fact that the cohoaptn the first ontology is
equivalent to the concepbnein the second ontology.

The domain knowledge inherent (logically derivable) in tiegwork is represented
by its induced ontology, an ontology that consists of the set of all concepts from the
taxonomies, all asserted is-a relations in the taxononmdsall mappings.

In our algorithms we us&nowledge basegKBs) related to the taxonomies and
taxonomy networks that allow us to do deductive inference.

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 wragppimgs between on-
tologies, while the debugging component additionally destand repairs missing and
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 (Figure 2) in both components consists of thitegses during which
wrong and missing is-a relations/mappings are dete®bdde ), validated Phase 2
and repairedRhase 3 in a semi-automatic manner by a domain expert. Although the
algorithms for repairing are different for missing and wgade-a relations/mappings,
the repairing goes through the same phases as shown in the fithe generation of
repairing actionsRhase 3.}, the ranking of is-a relations/mapping@hase 3.2, the
recommendation of repairing actiorBhase 3.3 and finally, the execution of repair-
ing actions Phase 3.4. In our approach we repair ontologies and alignments ole at
time since dealing with all ontologies and alignments stamgously would be infea-
sible. The is-a relations are handled in the context of thecssd ontology, while the
mappings are handled in the context of the selected alighamehits pair of ontologies.

! The first ontology is a part of AMA, the second ontology is a part of MChnd the alignment
is a part of the alignment between AMA and NCI-A as defined in OAEI 2011
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Fig. 2. Workflow.

We note that at any time during the debugging/alignment flamrk the user can
switch between different ontologies and the different pahown in Figure 2. We also
note that the repairing of defects often leads to the disgaenew defects, i.e., leading
to additional debugging opportunities. Thus several ftens are usually needed for
completing the debugging/alignment process. The progedswhen no more missing
or wrong is-a relations and mappings are detected or neegl tepaired.

In the next three sections we describe the components airdrtteractions, and
present algorithms for the different components and phases

4 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 compo-
nent we focus on detecting wrong and missing is-a relatiadswappings in the ontol-
ogy network, based on knowledge that is inherent in the niétvicherefore, given an
ontology network, we use the domain knowledge representeédebontology network
to detect the deduced is-a relations and mappings in theonetw

In our algorithm we initialize a KB for the ontology network'(B ), KBs for each
ontology (K By) and for each pair of ontologies and their alignmeitH; ;). For each
ontology in the network, the set oandidate missing is-a relationgCMIs) derivable
from the ontology network consists of is-a relations betwesen concepts of the ontol-
ogy, which can be inferred using logical derivation from doenain knowledge inherent
in the network, but not from the ontology alone. Similarlyy £ach pair of ontologies
in the network, the set afandidate missing mappingCMMs) derivable from the
ontology network consists of mappings between conceptsitvio ontologies, which



can be inferred using logical derivation from the domainwleaige inherent in the
network, but not from the two ontologies and their alignmednhe.

Definition 2. Let A/ = (O, M) be an ontology network, wit®h = {Ox}7_;, M =
{Mij}ﬁjzl;i<j and induced ontology = (Cn,Zn). LetOy = (Ck,Zx). Then, we
define the following.

(1)Vk € 1.n: CMIy, = {(a,b) € Cr, xC;, | On Ea — bA Oy [~ a — b}

is the set of candidate missing is-a relations €&y derivable from the network.

(2) VZ,J S 171,2 < ] CMM” = {((L,b) c (Cl X CJ) U (C] X Cl) | ON ': a —
bA(C;UC;,Z; UT; UM,;) = a — b} is the set of candidate missing mappings for
(0, 0,4, 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.

In the network in Figure 1 the CMIs afaasal bone, bong]maxilla, bone) (lacrimal
bone, bone)jaw, bone) (upper jaw, jawand(lower jaw, jaw)in AMA, and (metatarsal
bone, foot boneand(tarsal bone, foot bondh NCI-A.

Our algorithms for detecting CMIS/CMMs rely on the knowledigherent in the
network where the ontologies are connected in a networkutiironapped concepts.
Thus the derivation paths of all CMIs and CMMs, which can henfibusing the knowl-
edge inherent in the network, go through mapped concepéseldre, instead of check-
ing whether the is-a relations between all pairs of concaygtslerivable in the network,
we only check all pairs of mapped concepts.

Phase 2: Validate candidate missing is-a relations and majipgs. Since the
structure of the ontologies may contain wrong is-a relaiand the alignments may
contain wrong mappings, some of the CMIs and CMMs may be éérilue to some
wrong is-a relations and mappings. Therefore they have talidated by a domain ex-
pert. During Phase 2 the domain expert validates the CMI$/Sknd partitions them
into wrong and missing is-a relations/mappings. As an aid to the domain expert, we
have developed recommendation algorithms based on theemeésof is-a and part-of
relations in the ontologies and external domain knowledfer@Net [29] and UMLS
[27]). In addition, the domain expert is provided with theridation paths justifica-
tions) for the CMI/CMM under validation.

In the network in Figure Iupper jaw, jaw)and (lower jaw, jaw)are validated as
wrong since an upper/lower jaw éspart-of (notis-a) a jaw. The others are missing.

Phase 3: Repair wrong and missing is-a relations and mappirggOnce missing
and wrong is-a relations and mappings have been obtiimexineed to repair them.

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

% For large ontologies or ontology networks, checking all pairs of casdeglso infeasible.

4 Using the technique for detection described above or the techniquesdyghd alignment
component or any other technique.



For each ontology in the network, we want to repair the isracstire in such a way
that (i) the missing is-a relations can be derived from thepaired host ontologies
and for each pair of ontologies, we want to repair the mappingsuch a way that
(i) the missing mappings can be derived from the repairest lbotologies of their
mapped concepts and the repaired alignment between theritokigies of the mapped
concepts. Further (iii) the wrong is-a relations and (iv throng mappings should
no longer be derivable from the repaired ontology netwoitke fiotion ofstructural
repair formalizes this. It contains is-a relations and mappings shhould be added to
or removed from the ontologies and alignments to satisfyalequirements. These is-a
relations and mappings are callegbairing actions.

Definition 3. Let ' = (O, M) be an ontology network, with = {Oy}7?_;, M =
{Mi;}7=1.i<; and induced ontologPx = (Cn,ZIn). LetOy, = (Ci,Zy). LetMI,
and WZ; be the missing, respectively wrong, is-a relations for togp O and let
MIy = UZZIMIk and WIy = UZ:1WIk. Let/\/t/\/lij and WM” be the miss-
ing, respectively wrong, mappings between ontolodlesind O; and let MMy =
Ul im1ic MM and WMy = Uy WM. Astructural repair for A with
respect to(MZy, WIn, MMy, WMy), denoted byR ™, R ™), is a pair of sets of
is-a relations and mappings, such that
MR NRT =0

RR™ =Ry URp Ry € Ui jmriciMigs R € U1 T
B)RT =Ry URT: Ry C UZ_1ic; ((CixCi)\Mij); RT C U, ((Crx Ci)\Zi)

(4) Vkel.n: V(a,b) € MIy: (Ck, (Ik U (R;r n (Ck X Ck))) \R;) ‘: a—b

(S)Vl,j elni<y: V(a,b) S M./\/lij: ((Cl UCj), (Iz U ((Cl X Cl) HR}_) UIJ‘ U
((C; X C) NRF) UMy U((Ci x CHNREN\R™) Ea—b

(6)¥(a.b) € WIx UWMy UR-: (Cn. (I URF)\R-) I a— b

In our algorithm, at the start of the repairing phase we atich@sing is-a rela-
tions and mappings to the relevant KBs. As these are vatidatde correct, this is
extra knowledge that should be used in the repairing proéekting the missing is-a
relations and mappings essentially means that we havereepthiese using the least
informative repairing actions«; preference in [19]). Then during the repairing pro-
cess we try to improve this and find more informative repgiactions. We say that a
repairing action is more informative than another repgigition if adding the former
to the ontology also allows to derive the latter. In generadre informative repairing
actions that are correct according to the domain are pegferr

Definition 4. 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
(w2, y2) Iff O =20 — 21 Ay1 — yo.

As an example, consider the missing is-a relatioasal bone, bone Figure 1.
Knowing thatnasal bone— viscerocranium boneaccording to the definition of more
informative, we know thafviscerocranium bone, bon&) more informative thafnasal
bone, bone)As viscerocranium bonactually is a sub-concept bbneaccording to the
domain, a domain expert would prefer to use the more infauaagpairing action.

Further, we initialize global variables for the currentssef missing (M7) and
wrong (WZI) is-a relations, and the current sets of missing.A1) and wrong YW.M)



1. Computedil Just(w,r, Oc)

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

I, = ((UZ:Jk) U (Uﬁ,j=1;i<]’Mij) UMIny UMMy U R}L U RRLI) \ (R; U RX/I);
2. ForeveryI’ € AllJust(w,r, Oe):

choose one element frofit \ (MZx U MMy URT UR],) to remove;

Fig. 3. Algorithm for generating repairing actions for wrong is-a relations anppims.

mappings based on the validation results. Further, theddedslded R}, R},) and
removed R, R,,) repairing actions for is-a relations and mappings, andtireent
sets of CMIs (. MZ) and CMMs C M M) are initialized td).

Phase 3.1: Generate repairing actionsThe structural repairs generated from the
repairing algorithms below follow the preferences defirrefLB].
Wrong is-a relations and mappings.The algorithm for generating repairing actions
(Figure 3) computes all justifications (AllJust) for all wag is-a relations¥/Z) and
mappings YW.M). A justification for a wrong is-a relation or mapping can lees as
an explanation for why this is-a relation or mapping is dalie from the network.

Definition 5. (similar definition as in [13]) Given an ontolog® = (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.

Our algorithm initializes a KB taking into account repagiactions up to now and
computes the minimal hitting sets for each wrong is-a rehatir mapping. The wrong
is-a relation or mapping can then be repaired by removingastlone element in every
justification.

In the network in Figure Xupper jaw, jaw)in AMA is validated as wrong. Its
justification isAMA:upper jaw= NCI-A:UpperJaw — NCI-A:Jaw= AMA:jaw. To
repair itNCI-A:UpperJaw — NCI-A:Jawshould be removed from NCI-A.

Missing is-a relations and mappingslt was shown in [16] that repairing missing is-a
relations (and mappings) can be seen as a generalized TBloxctadn problem. Fig-
ure 4 shows our solution, an extension of the algorithm if},[f® the computation of
repairing actions for a missing is-a relation or mappinge ain component of the al-
gorithm (GenerateRepairingActions) computes, for a mgs-a relation or mapping,
the more general concepts of the first concept (Source) anchtine specific concepts
of the second concept (Target) in the KB. To not introduce-validated equivalence
relations where in the original ontologies and alignmehesé are only is-a relations,
we remove the super-concepts of the second concept frone&aurd the sub-concepts
of the first concept from Target. The already known wrong isfations or mappings
and their repairing actions are removed from Repair (Sourdarget). Adding an ele-
ment from Repair to the KB makes the missing is-a relation appng derivable.

In the network in Figure Xnasal bone, boneln AMA is validated as missing.
After adding the missing is-a relations to the ontology,Staurce set ignasal bone,



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

Repair missing mapping (a,b) withaa®; and be O;:
Choose an element from GenerateRepairingActions(&.,B;;);

GenerateRepairingActions(a, b, KB):
1. Source(a, b) := super-conceptaj — super-concepts) in KB;
2. Target(a,b) := sub-conceptsd] — sub-conceptsd) in KB;
3. Repair(a,b) := Source(a,b) x Target(a,b);
4. For eacl(s, t) € Source(a,b) x Target(a,b):
if (s,t) e WIUWMUTR; URy, thenremoves,t) from Repair(a,b);
else if3(u,v) e 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/opmgg
then removes, t) from Repair(a,b);
5. returnRepair(a, b);

Fig. 4. Algorithm for generating repairing actions for missing is-a relations angpings.

viscerocranium boneand its Target set i§bone, limb bone, forelimb bone, hindlimb
bone, foot bone, metatarsal bone, tarsal bone, jaw, matdizimal bong, i.e., Repair
contains2 x 10 = 20 possible repairing actions.

Phase 3.2: Rank wrong and missing is-a relations and mappirsgin general,
there will be many is-a relations/mappings that need to paired and some of them
may be easier to start with such as the ones with fewer regaictions. We therefore
rank them with respect to the number of possible repairitigRs.

Phase 3.3: Recommend repairing actionsThe recommendation algorithm for
wrong is-a relations/mappings assigns a priority to eadsipte repairing action based
on how often it occurs in the justifications and its imporgut already repaired is-a
relations and mappings. For a missing is-a relation/mapgind) (as defined in [19])
it computes the most informative repairing actions fr6urce(a, b) x Target(a,b)
that are supported by external domain knowledge (WordNe:{HLS).

Phase 3.4: Execute repairing actionsDepending on whether a wrong or miss-
ing is-a relation/mapping is repaired the chosen repagitigpns are removed from or
added to the relevant ontologies and alignments. The dusets of wrongXVZ/WM)
and missing MZ/MM) is-a relations and mappings need to be updated since one
repairing action can repair more than one is-a relationfimapor previously repaired
relations/mappings may need to be repaired again. The e&pairing actions for
wrong (R}, R,;) and missing®R;, R},) is-a relations/mappings need to be updated
as well. Further, new CMIs and CMMs may appear. In other chagossible repairing
actions for wrong and missing is-a relations and mappings change (update justifi-
cations and sets of possible repairing actions for missragrelations and mappings).
We also need to update the KBs.



5 Alignment Component

The input for this component consists of two taxonomies. diiput is an alignment.

Phase 1: Detect candidate missing mappings$n ontology alignment mapping
suggestions are generated which essentially are CMMs. \Wiglgeneration of CMMs
in the debugging component is a specific kind of ontologyratignt using the knowl-
edge inherent in the network, in the alignment component seeather types of align-
ment algorithms. Matchers are used to compute similarilyesabetween concepts in
different ontologies. The results of the matchers can bebaoea and filtered in dif-
ferent ways to obtain mapping suggestions. In our approachave currently used the
linguistic, WordNet-based and UMLS-based algorithms ftbemSAMBO system [21].
The matchen-gramcomputes a similarity based on 3-grams. The mat@hemBasic
uses a combination of n-gram, edit distance and an algotitfalncompares the lists
of words of which the terms are composed. The matdleem\WNextends TermBasic
by using WordNet for looking up is-a relations. The matcd&LSMuses the domain
knowledge in UMLS to obtain similarity values. The resulfstire matchers can be
combined using a weighted-sum approach in which each magh&en a weight and
the final similarity value between a pair of concepts is thégived sum of the simi-
larity values divided by the sum of the weights of the usedcimats. Further, we use a
threshold for filtering. A pair of concepts is a mapping s if the similarity value
is equal to or higher than a given 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 mappingsThe CMMs (mapping sugges-
tions) are presented to a domain expert for validation, wkégerformed in the same
way as in the debugging component. The domain expert carhesetommendation
algorithms during the validation as well. As before, the CMde partitioned into two
sets - wrong mappings and missing mappings. The wrong mggpire not repaired
since they are not in the alignments. However, we store tiigmation in order to
avoid recomputations and for conflict checking/preventildre concepts in the missing
mappings are added to the setnodpped conceptsf they are not already there), and
they will be used the next time CMMs/CMIs are derived in thbulging component.

Phase 3: Repairing missing mappingsAs mentioned, we only need to repair the
missing mappings. Initially, the missing mappings are ddidethe KBs in the same
way as in the debugging component and then we try to repain theng more infor-
mative repairing actions. For repairing a missing mapphg same algorithms as in
the debugging component are used to generate the Sourceagget $ets and the re-
pairing process continues with the same actions descriratié debugging workflow.
In Phase 3.4 the repairing actions are executed analogicathose in the debugging
component and their consequences are computed. Furthegiieepts in the repairing
actions are added to the setroipped concep(# not there yet).



6 Interaction between the Components

The alignment component generates CMMs that are validatéttisame way as in the
debugging component. The CMMs validated to be correct aftermissing mappings
that are not found by the debugging component. Further, rtregylead to new mapped
concepts that are used in the debugging component. The CNléated 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 peaifure of structure-based
matchers (e.g., [21]) and partial-alignment-based pregssing and filtering methods
[17] heavily depends on the correctness and completendle -a structure.

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

7 Experiments

We performed three experiments to demonstrate the benkfite mtegrated ontology
alignment and debugging framework. As input for Experinteand 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 3,298equs and 3,761 asserted is-
a relations. The input for the last experiment containedéfierence alignment (1516
equivalence mappings between AMA and NCI-A) together wiith two ontologies.
The reference alignment was used indirectly as externaklauge during the valida-
tion phase in the first two experiments. The experiments weréormed on an Intel
Core i7-2620M Processor 2.7GHz with 4 GB memory underWirgl@wProfessional
operating system and Java 1.7 compiler. The first authoopedd the validation in the
experiments with help of two domain experts.

Experiment 1 - aligning and debugging OAEI Anatomy. The first experiment
demonstrates a complete debugging and aligning sessioreweinput 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&si0cb. This re-
sulted in 1384 mapping suggestions. The 1233 mapping stiggeshat are also in the
reference alignment were validated as missing equivaleraqgings (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 tegsith missing mappings
(53 equivalence and 39 is-a) and wrong mappings (59 equisaland 39 is-a). These
missing mappings were repaired by adding 53 equivalencarista mappings (5 of
them more informative) and 5 is-a relations (3 to AMA and 2 1GIM\). 6 of these
missing mappings were repaired by repairing others. Ambagwong mappings there
were 3 which were derivable in the network. These were reddily removing 2 is-a
relations from NCI-A. Figure 5 - part A summarizes the result

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



candidate missingnissing |(wrong repair missing repair missing
mappings =/« or —|=/+ or —|=/+/—/derivable is-relations
part A /more informative
Alignmen1384 1286/39 [59/39 1286/20/8/6/5 -
AMA - - - - 3
NCI-A |- - - - 2
candidate missingnissing |(wrong repair missing repair wrong
part B all/non-redundant self/more informative/oth@removed
AMA 410/263 224 39 144/57/23 30
NCI-A  |355/183 166 17 127/13/26 17
Alignment- - - - 8=and 1—

Fig. 5. Experiment 1 results: A - debugging of the alignment; B - debugging obthelogies.

led to the detection of new CMIs which had to be validated améired. Over 90% of
the CMIs for both ontologies were detected during the fiestaition, the detection of
CMis took less than 30 seconds per ontology. Figure 5 - paurBnsarizes the results.

The system detected 410 (263 non-redundant) CMIs for AMA 26! (183 non-
redundant) CMls for NCI-A. The non-redundant CMIs were Bigpd in groups, 45
groups for AMA and 31 for NCI-A. Among the 263 non-redundaMI€ in AMA 224
were validated as missing and 39 as wrong. In NCI-A 166 welidated as missing
and 17 as wrong. The 39 wrong is-a relations in AMA were regghlyy removing 30
is-a relations from NCI-A, and 8 equivalence and 1 is-a maggpiom the alignment.
The 17 wrong is-a relations in NCI-A were repaired by remgwvii7 is-a relations in
AMA. The missing is-a relations in AMA were repaired by adglin01 is-a relations
- in 144 cases the missing is-a relation itself and in 57 case®re informative is-a
relation. 23 of the 224 missing is-a relations became delévafter repairing some of
the others. To repair the missing is-a relations in NCI-A is48 relations were added
- in 127 cases the missing is-a relation itself and in 13 case®re informative is-a
relation. 26 out of the 166 missing is-a relations were meghivhile other is-a relations
were repaired.

We observe that for 57 missing is-a relations in AMA and 13 @IM the repairing
actions are more informative than the missing is-a relati®df, i.e., for each of these,
knowledge, which was not derivable from the network befmaes added to the network.
Thus the knowledge represented by the ontologies and th@riehas increased.

Experiment 2. For this experiment the alignment process was run twice atttea
end the alignments were compared. The same matchers, waighthreshold as in Ex-
periment 1 were used. During both runs the CMMs (mapping sstigns) were com-
puted and validated in the same manner. This step is as irrifngrd 1 and the results
are the ones in Figure 5 - part A. The difference between heth is in the repairing
phase. In the first run the missing mappings were repairedrbgtty 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
39 is-& mappings.

During the repairing phase in the second run the debugginmgpoaent was used
to provide alternative repairing actions than those alsiglan the initial set of map-
ping suggestions. The final alignment then contained 128&aignce mappings from
the mapping suggestions, 28 is-a mappings from the mappiggestions where 5 of
them are more informative, thus adding knowledge to the ow~urther, 5 mapping
suggestions were repaired adding is-a relations (3 in AM& 2 NCI-A) and thus
adding more knowledge to each of the ontologies. 6 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, Giéte
detected for both ontologies and compared between the Thiesnput 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. FGI- 365 CMIs were
detected of which 193 were non-redundant. The same inputisexsin 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 detected\fbA (357 non-
redundant), and 460 CMIs for NCI-A (234 non-redundant)olalt145 new CMIs were
detected for AMA - 120 were validated as missing and 25 végidas wrong 103 new
CMis were detected for NCI-A - 53 were validated as missing) 2 as wrong.

Discussion.Experiment 1 shows the usefulness of the system through aleten
session where an alignment was generated and many defetts ontologies were
repaired. Some of the repairs added new knowledge. As a Sl eve have shown
that the ontologies that are used by the OAEI contain over&@D150 missing is-a
relations, respectively and 39 and 17 wrong is-a relaticespectively. We have also
shown that the alignment is not complete and contains wnoiogration. We also note
that our system allows validation and allows a domain exgedistinguish between
equivalence and is-a mappings. Most ontology alignmenegys do not support this.

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

Experiment 3 shows that the debugging process can take taganf 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

5 5 of these are repaired in the second run by adding is-a relations in tHegiatn

5 The sum of the newly generated CMIs and those in the first run is not tmtree number of
the CMIs in the second run because some of the CMIs generated in tirafildre derivable
in the second run.



defects. In the experiment more than 100 CMls (of which mamyect) were detected
for each ontology using the extended set of mappings. Wenalgothat the initial align-
ment contained many mappings (1516). In the case that thenadint contains fewer
mappings the benefit to the debugging process will be evee significant.

8 Related Work

To our knowledge there is no other system that integratedamt 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 dansienverification and
disallow mappings that lead to unsatisfiable concepts, (.8, 12]). Further, adding
missing is-a relations to ontologies was a step in the alegmrrprocess in [17].

Regarding the debugging component, this work extends th& ind19, 18] that
dealt with debugging is-a structure in taxonomy networksese were one of the few
approaches dealing with repairing missing is-a structue ia the case of [18] de-
bugging both missing and wrong is-a structure. The curremkwextends this by also
including debugging of mappings in a uniform way as well a®mgy alignment. The
ontology alignment component also removed the restriabifi8] that required the
existence of an initial alignment.

There are different ways tdetectmissing is-a relations. One way is by inspection
of the ontologies by domain experts. Another way is to userexl knowledge sources.
For instance, there is much work on finding relationshipg/ben terms in the ontology
learning area [1]. Regarding the detection of is-a relatjmme paradigm is based on
linguistics using lexico-syntactic patterns. The piomagresearch conducted in this
line is in [9], which defines a set of patterns indicating i®kationships between words
in the text. Another paradigm is based on machine learnimgstatistical methods.
Further, guidelines based on logical patterns can be udedlig@se approaches are
complementary to the approach used in this paper. Therewgver, not much work
on therepairing of missing is-a relations that goes beyond adding them torbaogies
except for [19] for taxonomies and [16] fotLC acyclic terminologies.

There is more work on the debugging of semantic defects. Wfastims at iden-
tifying and removing logical contradictions from an ontgjo Standard reasoners are
used to identify the existence of a contradiction, and mlewupport for resolving and
eliminating it [6]. In [24] minimal sets of axioms are idefieid which need to be re-
moved to render an ontology coherent. In [15, 14] strategieslescribed for repairing
unsatisfiable concepts detected by reasoners, explaraftenmors, ranking erroneous
axioms, and generating repair plans. In [8] the focus is omtaing the consistency
as the ontology evolves through a formalization of the sdioanf change for ontolo-
gies. [26] introduces a method for interactive ontology wghing. In [22] and [11]
the setting is extended to repairing ontologies connecyaddppings. In this case, se-
mantic defects may be introduced by integrating ontologiegh works assume that
ontologies are more reliable than the mappings and try toveraome of the mappings
to restore consistency. The solutions are often based onatmputation of minimal
unsatisfiability-preserving sets or minimal conflict sdtise work in [23] further char-
acterizes the problem as mapping revision. Using beliefi@v theory, the authors



give an analysis for the logical properties of the revisilgoathms. Another approach
for debugging mappings is proposed in [28] where the autfuamss on the detection
of certain kinds of defects and redundancy. The approachi3hdeals 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 [21], COGZ [5] for PROMPT, and COMAH4]. [7]
introduces an efficient algorithm for computing a minimat w&h mappings which
could reduce user interaction. Many matchers have beemgeol(e.g., many papers on
http://ontologymatching.org/), and most systems uselaimmbmbination and filtering
strategies as in this paper. For an overview we refer to [25].

9 Conclusion

In this paper we presented a unified approach for aligningntasies and debugging
taxonomies and their alignments. This is the first approaliciwintegrates ontology
alignment and ontology debugging and allows debugging tifi Hwe structure of the
ontologies as well as their alignments. Further, we havevehbe benefits of our ap-
proach through experiments. The interactions betweeramytalignment and debug-
ging significantly raise the quality of both taxonomies ahelitt alignments. The on-
tology alignment provides or extends alignments that aeel iy the debugging. The
debugging provides algorithms for repairing defects igratients 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 techniques hurtve will investigate the de-
bugging problem for ontologies represented in more expeésrmalisms.
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