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In this supplementary material we formalize the notions andprovide proofs.

2. Methods
2.1 Preliminaries

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

relations between concepts). For this paper we use the following definition.

Definition 1 AnontologyO is represented by a tuple(C, I) whereC is its set of named concepts andI ⊆ C × C is a

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

The ontologies are connected into a network through alignments which are sets of mappings between concepts from

two different ontologies. We currently consider mappings of the typeequivalent(≡), subsumed-by(→) and

subsumes(←).

Definition 2 Analignment between ontologiesOi andOj is represented by a setMij of pairs representing the

mappings, such that for conceptsci ∈ Oi andcj ∈ Oj : ci → cj is represented by(ci, cj); ci ← cj is represented by

(cj , ci); and ci ≡ cj is represented by both(ci, cj) and(cj , ci).1

The concepts that participate in mappings we callmapped concepts. Concepts can participate in multiple mappings.

Definition 3 Anontology networkN is a tuple(O, M) with O = {Ok}
n
k=1 the set of the ontologies in the network

andM = {Mij}
n
i,j=1;i<j the set of representations for the alignments between theseontologies.

1Observe that for everyMij there is a correspondingMji such thatMij = Mji. Therefore, in the remainder of this paper we will only
consider theMij where i< j.
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Without loss of generality, in this paper we assume that the sets of named concepts for the different ontologies in the

network are disjoint.

The domain knowledge of an ontology network is represented by its induced ontology.

Definition 4 LetN = (O, M) be an ontology network, withO = {Ok}
n
k=1, M = {Mij}

n
i,j=1;i<j . Let

Ok = (Ck, Ik). Then theinduced ontologyfor networkN is the ontologyON = (CN , IN ) with

CN = ∪n
k=1Ck andIN = ∪n

k=1Ik ∪n
i,j=1;i<j Mij

2.2. Debugging workfow

For each ontology in the network, the set of candidate missing is-a relations derivable from the ontology network

consists of is-a relations between two concepts of the ontology, which can be inferred using logical derivation from

the induced ontology of the network, but not from the ontology alone. Similarly, for each pair of ontologies in the

network, the set of candidate missing mappings derivable from the ontology network consists of mappings between

concepts in the two ontologies, which can be inferred using logical derivation from the induced ontology of the

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

Definition 5 LetN = (O, M) be an ontology network, withO = {Ok}
n
k=1, M = {Mij}

n
i,j=1;i<j and induced

ontologyON = (CN , IN ). LetOk = (Ck, Ik). Then, we define the following.

(1) ∀k ∈ 1..n: CMIk = {(a, b) ∈ Ck × Ck | ON |= a → b ∧ Ok 6|= a → b}

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

(2) ∀i, j ∈ 1..n, i < j:

CMMij = {(a, b) ∈ (Ci × Cj) ∪ (Cj × Ci) | ON |= a → b ∧ (Ci ∪ Cj , Ii ∪ Ij ∪Mij) 6|= a → b}

is the set of candidate missing mappings for (Oi,Oj ,Mij) derivable from the network.

(3) CMI = ∪n
k=1 CMIk is the set ofcandidate missing is-a relations derivable from the network.

(4) CMM = ∪n
i,j=1;i<j CMMij is the set ofcandidate missing mappings derivable from the network.

Since the structure of the ontologies and the mappings may contain wrong is-a relations, some of the candidate

missing is-a relations and mappings may be derived due to some wrong is-a relations and mappings. Therefore, we

need to validate the candidate missing is-a relations for all ontologies and partition them in two sets;MIN

containing themissing is-a relationsandWIN containing thewrong is-a relations. In this case we have that

MIN = ∪n
k=1MIk with MIk the set of missing is-a relations inOk, andWIN = ∪n

k=1WIk with WIk the set of

wrong is-a relations inOk. Similarly, the candidate missing mappings are validated and partitioned into two sets;

MMN containing themissing mappingsandWMN containing thewrong mappings. In this case we have that
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MMN = ∪n
i,j;i<j=1MMij with MMij the set of missing mappings betweenOi andOj , and

WMN = ∪n
i,j;i<j=1WMij with WMij the set of wrong mappings betweenOi andOj .

Definition 6 LetN = (O, M) be an ontology network, withO = {Ok}
n
k=1, M = {Mij}

n
i,j=1;i<j and induced

ontologyON = (CN , IN ). LetOk = (Ck, Ik). LetMIk andWIk be the missing, respectively wrong, is-a relations

for ontologyOk and letMIN = ∪n
k=1MIk andWIN = ∪n

k=1WIk. LetMMij andWMij be the missing,

respectively wrong, mappings between ontologiesOi andOj and letMMN = ∪n
i,j=1;i<jMMij and

WMN = ∪n
i,j=1;i<jWMij . A structural repair for N with respect to (MIN ,WIN ,MMN ,WMN ), denoted

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

(1)R− ∩R+ = ∅

(2)R− = R−

M ∪R−

I ; R−

M ⊆ ∪n
i,j=1,i<jMij ; R−

I ⊆ ∪n
k=1Ik

(3)R+ = R+
M ∪R+

I ; R+
M ⊆ ∪n

i,j=1,i<j((Ci × Cj) \Mij); R
+
I ⊆ ∪n

k=1((Ck × Ck) \ Ik)

(4) ∀k ∈ 1..n : ∀(a, b) ∈ MIk: (Ck, (Ik ∪ (R+
I ∩ (Ck × Ck))) \ R−

I ) |= a → b

(5) ∀i, j ∈ 1..n, i < j : ∀(a, b) ∈ MMij :

((Ci ∪ Cj), (Ii ∪ ((Ci × Ci) ∩R+
I ) ∪ Ij ∪ ((Cj × Cj) ∩R+

I ) ∪Mij ∪ ((Ci × Cj) ∩R+
M )) \ R−) |= a → b

(6) ∀(a, b) ∈ WIN ∪WMN ∪R−: (CN , (IN ∪R+) \ R−) 6|= a → b

The definition states that (1) is-a relations and mappings cannot be added and removed at the same time, (2) the

removed mappings come from the original alignments and the removed is-a relations come from the original asserted

is-a relations in the ontologies, (3) the added mappings were not in the original alignments and the added is-a

relations were not original is-a relations in the ontologies, (4) every missing is-a relation is derivable from its repaired

host ontology, (5) every missing mapping is derivable from the repaired host ontologies of the mapped concepts and

their repaired alignment, and (6) no wrong mapping, wrong is-a relation or removed mapping or is-a relation is

derivable from the repaired network.

Definition 7 Let (x1, y1) and(x2, y2) be two different is-a relations in the same ontologyO (i.e.,x1 6≡ x2 or

y1 6≡ y2), then we say that(x1, y1) is more informative than (x2, y2) iff O |= x2 → x1 ∧ y1 → y2.

It follows that if (x1, y1) is more informative than(x2, y2) andO |= x1 → y1 thenO |= x2 → y2. Therefore, adding

or removing more informative repairing actions, adds or removes more knowledge than less informative repairing

actions.
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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 existing is-a relations in the ontologies and all existing mappings in

the alignments are correct (and thus the debugging problem does not need to consider wrong is-a relations and

mappings), it can be shown that all candidate missing is-a relations and mappings2 will be repaired when we repair

the candidate missing is-a relations and mappings betweenmapped concepts.

Theorem 1 LetN = (O, M) be an ontology network withO = {Ok}
n
k=1 the set of the ontologies in the network and

M = {Mij}
n
i,j=1;i<j the set of representations for the alignments between theseontologies. Further, assume that all

is-a relations in the ontologies and all mappings in the alignments are correct. Then the following holds:

(i) For each candidate missing is-a relation(a, b) in ontologyOi, there exists a candidate missing is-a relation(x, y)

in ontologyOi wherex andy are mapped concepts in alignments betweenOi and other ontologies in the network,

such that the repairing of(x, y) also repairs(a, b).

(ii) For each candidate missing mapping(c, d) such thatc ∈ Oi andd ∈ Oj with i 6= j, there exists a candidate

missing mapping(x, y) such thatx ∈ Oi andy ∈ Oj , x is a mapped concept in an alignment betweenOi and

another ontology in the network andy is a mapped concept in an alignment betweenOj and another ontology in the

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

Proof. Assume(a, b) is a candidate missing is-a relation inOi. According to the definition of candidate missing is-a

relation, the relationa → b is not derivable fromOi but derivable from the ontology network. So, there must exist at

least one concept from another ontology in the network, for instancez, such thatON |= a → z → b. Because

conceptsa andz reside in different ontologies, the relationa → z must be supported by a mapping between a

conceptx in Oi and a conceptx′ in another ontology, e.g.Or, in the network, such that (x,x′) ∈ Mir (if i < r) or

(x,x′) ∈ Mri (if r < i), andON |= a → x → x′ → z. Likewise, for conceptsz andb, the relationz → b must also be

supported by a mapping between a concepty in Oi and a concepty′ in another ontology, e.g.Os, in the network,

such that (y′,y) ∈ Msj (if s < j) or (y′,y) ∈ Mjs (if j < s), such thatON |= z → y′ → y → b. We can then deduce

thatx → y is derivable from the ontology network becauseON |= a → x → x′ → z → y′ → y → b. Sincea → b is

not inferrable fromOi, the relationx → y can not be inferred fromOi either. This means that(x, y) is also a

candidate missing is-a relation inOi, and the repairing of(x, y) also repairs(a, b). This proves statement (i). A

similar proof can be given for statement (ii).

♣

2In this setting all candidate missing is-a relations are alsomissing is-a relations, and all candidate missing mappings arealso missing mappings.
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In the algorithms we use the notion of knowledge base. The notion that we define here is a restricted3 variant of the

notion as defined in description logics [1].

Definition 8 LetC be a set of named concepts. Aknowledge baseis then a set of axioms of the formA → B with A

∈ C andB ∈ C. A model of the knowledge base satisfies all axioms of the knowledge base.

In the algoritms we initialize knowledge bases with an ontology. This means that for ontologyO=(C, I) we create a

knowledge base such that (A,B) ∈ I iff A → B is an axiom in the knowledge base.

For the knowledge bases, we assume that they are able to do deductive logical inference. Further, we need the

following reasoning services. For a given statement the knowledge base should be able to answer whether the

statement is entailed by the knowledge base.4 If a statement is entailed by the knowledge base, it should beable to

return the derivation paths (explanations) for that statement. For a given named concept, the knowledge base should

return the super-concepts and the sub-concepts.

The knowledge bases can be implemented in several ways. For instance, any description logic system could be used.

In our settting where we deal with taxonomies we have used an efficient graph-based implementation. We have

represented the ontologies using graphs where the nodes areconcepts and the directed edges represent the is-a

relation. The entailment of statements of the forma → b can be checked by transitively following edges starting ata.

If b is reached, then the statement is entailed, otherwise not. If a → b is entailed, then the derivation paths are all the

different paths obtained by following directed edges that start ata and end atb. The super-concepts ofa are all the

concepts that can be reached by following directed edges starting ata. The sub-concepts ofa are all the concepts for

which there is a path of directed edges starting at the concept and ending ina.

2.3.3 Repairing wrong is-a relations and mappings

Definition 9 (similar definition as in [2]) Given an ontologyO = (C, I), and(a, b) ∈ C × C an is-a relation

derivable fromO, then,I ′ ⊆ I is a justification for (a, b) in O, denoted byJust(I ′, a, b,O) iff (i) (C, I ′) |= a → b;

and (ii) there is noI ′′ ( I ′ such that(C, I ′′) |= a → b. We useAll Just(a, b,O) to denote the set of all justifications

for (a, b) in O.

To compute the justifications fora → b in our graph-based implementation, all the different pathsobtained by

following directed edges that start ata and end atb are collected. Among these the minimal ones (w.r.t⊆) are

retained.

3We use only concept names and no roles. The axioms in the TBox areof the formA ⊑̇ B or A
.
= C, and the ABox is empty.

4In our setting, entailment by ontology can be reformulated as entailment by knowledge base.
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