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In this supplementary material we formalize the notions roide proofs.

2. Methods
2.1 Preliminaries

The ontologies that we study are taxonomies, which are dkfiseng named concepts and subsumption axioms (is-a

relations between concepts). For this paper we use theviopdefinition.

Definition 1 Anontology O is represented by a tuplg,Z) whereC is its set of named concepts afd_ C x Cis a

set of asserted is-a relations, representing the is-a stinecof the ontology.

The ontologies are connected into a network through alignisnehich are sets of mappings between concepts from
two different ontologies. We currently consider mappinfthe typeequivalent(=), subsumed-bf—) and

subsumeg—).

Definition 2 Analignment between ontologie®; and O; is represented by a sé!;; of pairs representing the
mappings such that for concepts € O; andc; € O;: ¢; — ¢; is represented bye;, ¢;); ¢; < ¢; is represented by

(¢j,ci); and¢; = ¢; is represented by botfe;, ¢;) and(c;, ¢;).t
The concepts that participate in mappings we kepped concepts Concepts can participate in multiple mappings.

Definition 3 Anontology network V is a tuple(Q, M) with © = {O}}}!_, the set of the ontologies in the network

andM = {M;;}}';_;.;-; the set of representations for the alignments between theséogies.

10bserve that for evenM;; there is a corresponding;; such thatM;; = M,;. Therefore, in the remainder of this paper we will only
consider theM;; where i< .



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

The domain knowledge of an ontology network is represenyeitsbnduced ontology.

Definition 4 Let ' = (O, M) be an ontology network, with = {O };_;, M = {M;}7",_,.; ;. Let
Oy = (Ck, ). Then thenduced ontologyfor network is the ontologyOx = (C, Zy) With

Cn = U};zlck andZy = UZ:lIk U?,jzl;i<j Mij

2.2. Debugging workfow

For each ontology in the network, the set of candidate nisisia relations derivable from the ontology network
consists of is-a relations between two concepts of the ogyplwhich can be inferred using logical derivation from
the induced ontology of the network, but not from the ontglagpne. Similarly, for each pair of ontologies in the
network, the set of candidate missing mappings derivabla the ontology network consists of mappings between
concepts in the two ontologies, which can be inferred usigéchl derivation from the induced ontology of the

network, but not from the two ontologies and their alignmedohe.

Definition 5 Let\ = (O, M) be an ontology network, with = {O.}7_;, M = {M;;}7';_,;; and induced
ontologyOx = (Cn,Zn). LetOy = (Ck,Zx). Then, we define the following.

(1) Vk € 1.n: CMI, = {(a,b) €Cr xCi, | Oy Ea — bA Oy = a — b}

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

2)Vi,j €l.n,i<j:

CMM;; = {(a,b) € (C; xC;)U(Cj xC;) | On Ea—bA(C;UC;, T, UZ; UM,;) ¥~ a— b}

is the set of candidate missing mappings 16¢,(O,, M,;) derivable from the network.

(3) CMI = Uy_, CMIy is the set otandidate missing is-a relations derivable from the netwdk.

(4) CMM = U7, . CMM;; is the set otandidate missing mappings derivable from the network

Since the structure of the ontologies and the mappings mataicowrong is-a relations, some of the candidate
missing is-a relations and mappings may be derived due te smang is-a relations and mappings. Therefore, we
need to validate the candidate missing is-a relations famablogies and partition them in two sef®{Z y

containing themissing is-a relationsandWZ y containing thenvrong is-a relations In this case we have that
MIy = UE_ MI;, with MZ,, the set of missing is-a relations @,, andWZ y = Uy_, WI; with WI,, the set of
wrong is-a relations il0;. Similarly, the candidate missing mappings are validatetigartitioned into two sets;

MMy containing themissing mappingsandW.M y containing thevrong mappings In this case we have that



MMy = U} oy MM with MM;; the set of missing mappings betwe@pandO;, and
WMy =UP 1WM,; with WM, ; the set of wrong mappings betweér andO;.

1.33i< =

Definition 6 Let\ = (O, M) be an ontology network, with = {Oy.}7_;, M = {M;;}7';_,.;; and induced
ontologyOn = (Cn,Zn). LetOy = (Ck, Zx). Let MZ, andWZ, be the missing, respectively wrong, is-a relations
for ontologyOy, and letMZy = Up_, MI, andWIy = Up_WI}. Let MM,;; andWM;; be the missing,
respectively wrong, mappings between ontolo@leandO; and letMMy = U}, ., MM;; and

WMy =P 1., WM,;. Astructural repair for N with respect to (MZy, WIn, MMy, WMy), denoted

by (R*,R™), is a pair of sets of is-a relations and mappings, such that

WDR NRT=0

@R™ =Ry URL Ry C UL joriciMigs R © Ui I
@)RT =Ry URT: Ry C U jo1,ici ((Ci x Cj) \ Myg)s RY S Uiy ((Cr % Ci) \ Tie)

@)V € L : ¥(a,b) € MTy: (Cry (Te U (RE 1 (Co x C) \Ry) = a — b
(5)Vi,j € 1.n,i < j:V(a,b) € MM,;:

((C:UCH), (ZiU((C x C)NRF)UTZ;U((Cj x Ci) NRF) UM U((Ci x C)NRI)\R™) Fa—b
(6)V(a,b) € WIx UWMy UR™: (Cny (Ty URT)\R™) e a— b

The definition states that (1) is-a relations and mappingaasbe added and removed at the same time, (2) the
removed mappings come from the original alignments andeh®ved is-a relations come from the original asserted
is-a relations in the ontologies, (3) the added mapping&wet in the original alignments and the added is-a
relations were not original is-a relations in the ontolegi@) every missing is-a relation is derivable from its tiegrh
host ontology, (5) every missing mapping is derivable frbmitepaired host ontologies of the mapped concepts and
their repaired alignment, and (6) no wrong mapping, wrorg fislation or removed mapping or is-a relation is

derivable from the repaired network.

Definition 7 Let(z1,y1) and(z2, y2) be two different is-a relations in the same ontol@@yi.e.,z; # x5 or

y1 Z y2), then we say thafx,, y;) is more informative than (zo, y2) iff O = 20 — 1 Ay1 — yo.

It follows that if (1, y1) is more informative thafizs, y2) andO | x; — y; thenO &= x5 — yo. Therefore, adding
or removing more informative repairing actions, adds oroe@s more knowledge than less informative repairing

actions.



2.3 Algorithms
2.3.1 Detecting and validating candidate missing is-a relations and mappings

In the restricted setting where we assume that all existirayrelations in the ontologies and all existing mappings in
the alignments are correct (and thus the debugging probtes ot need to consider wrong is-a relations and
mappings), it can be shown that all candidate missing isasioas and mappingswill be repaired when we repair

the candidate missing is-a relations and mappings betwegped concepts

Theorem 1 Let NV = (O, M) be an ontology network with = {Oy, }7_, the set of the ontologies in the network and
M = {M;;}7,_1.,<; the set of representations for the alignments between trestogies. Further, assume that all
is-a relations in the ontologies and all mappings in the alitents are correct. Then the following holds:

(i) For each candidate missing is-a relatign, b) in ontology®;, there exists a candidate missing is-a relationy)

in ontology®; wherex andy are mapped concepts in alignments betw&emand other ontologies in the network,
such that the repairing ofz, y) also repairs(a, b).

(i) For each candidate missing mappirig, d) such that € O; andd € O, withi # j, there exists a candidate
missing mappingz, y) such thatc € O; andy € O}, « is a mapped concept in an alignment betwégrand

another ontology in the network ands a mapped concept in an alignment betwégrand another ontology in the

network, such that the repairing ¢, y) also repairs(c, d).

Proof. Assume(a, b) is a candidate missing is-a relation@h. According to the definition of candidate missing is-a
relation, the relatiom — b is not derivable fron©; but derivable from the ontology network. So, there mustteatis
least one concept from another ontology in the network,fstancez, such thaly = a — z — b. Because
concepts: andz reside in different ontologies, the relatian— z must be supported by a mapping between a
conceptz in O; and a concept’ in another ontology, e.g?,., in the network, such that(z') € M, (ifi <r) or
(z2") € M,; (ifr <i),andOy | a — = — 2’ — z. Likewise, for concepts andb, the relation: — b must also be
supported by a mapping between a conggipt O; and a concepy’ in another ontology, e.d?,, in the network,
such that{’,y) € M, (ifs <j)or (v',y) € M;s (ifj <), suchthaOy = z — v’ — y — b. We can then deduce
thatz — y is derivable from the ontology network beca®8g =a — =z — 2’ — 2z — ' — y — b. Sincea — bis
not inferrable fromO;, the relationz — y can not be inferred fron®; either. This means that, y) is also a
candidate missing is-a relation , and the repairing ofz, y) also repairga, b). This proves statement (i). A
similar proof can be given for statement (ii).

&

2|n this setting all candidate missing is-a relations are alissing is-a relations, and all candidate missing mappingalseemissing mappings.




In the algorithms we use the notion of knowledge base. Thiemdhat we define here is a restrictadriant of the

notion as defined in description logics [1].

Definition 8 LetC be a set of named conceptskAowledge basds then a set of axioms of the form— B with A

€ C and B € C. A model of the knowledge base satisfies all axioms of thelkdgesbase.

In the algoritms we initialize knowledge bases with an amggl This means that for ontolog9=(C, Z) we create a
knowledge base such that(B) € 7 iff A — B is an axiom in the knowledge base.

For the knowledge bases, we assume that they are able to dotivedogical inference. Further, we need the
following reasoning services. For a given statement theviedge base should be able to answer whether the
statement is entailed by the knowledge bh#ea statement is entailed by the knowledge base, it shoulbbeto
return the derivation paths (explanations) for that statetmFor a given named concept, the knowledge base should
return the super-concepts and the sub-concepts.

The knowledge bases can be implemented in several waysngtance, any description logic system could be used.
In our settting where we deal with taxonomies we have usedfaieat graph-based implementation. We have
represented the ontologies using graphs where the nodesrazepts and the directed edges represent the is-a
relation. The entailment of statements of the farm> b can be checked by transitively following edges starting. at

If bis reached, then the statement is entailed, otherwisefnot b is entailed, then the derivation paths are all the
different paths obtained by following directed edges thatt ta and end ab. The super-concepts ofare all the
concepts that can be reached by following directed edgestata. The sub-concepts afare all the concepts for

which there is a path of directed edges starting at the careebending iru.

2.3.3 Repairing wrong is-a relations and mappings

Definition 9 (similar definition as in [2]) Given an ontolog§® = (C,Z), and(a,b) € C x C an is-a relation
derivable fromQ, then,Z’ C 7 is ajustification for (a, b) in O, denoted bylust(Z’, a, b, O) iff (i) (C,Z') = a — b;
and (i) there is naZ” C 7’ such that(C,Z”) = a — b. We uséAll_Just(a, b, O) to denote the set of all justifications

for (a,b) in O.

To compute the justifications far — b in our graph-based implementation, all the different patttained by
following directed edges that start@and end ab are collected. Among these the minimal ones (W).tare

retained.

3We use only concept names and no roles. The axioms in the TBaf tite form A = B or A = C, and the ABox is empty.
4In our setting, entailment by ontology can be reformulatedrasilenent by knowledge base.
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