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ABSTRACT

To enable interoperability between applications in distributed
information systems based on heterogeneous ontologies, it is
necessary to formally define the notion of a mapping between
ontologies. In this paper, we define a mapping system for
OWL-DL ontologies, where mappings are expressed as cor-
respondences between conjunctive queries over ontologies.
As query answering within such a general mapping system
is undecidable, we identify a decidable fragment of the map-
ping system, which corresponds to OWL-DL extended with
DL-safe rules. We further show how the mapping system can
be applied for the task of ontology integration and present
a query answering algorithm.
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1.2.4 [Artificial Intelligence]: Knowledge Representation
Formalisms and Methods

General Terms
Algorithms, Theory
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1. INTRODUCTION

To enable interoperability between applications in large
distributed information systems based on heterogeneous on-
tologies, it is necessary to formally define the notion of a
mapping between ontologies. An important step in this di-
rection has been taken by adopting the Web Ontology Lan-
guage (OWL) as a W3C recommendation for building on-
tologies in the Semantic Web. OWL already provides sup-
port to express simple mappings between ontology elements.

Permission to make digital or hard copies of all or part of this work for

Boris Motik
FZI Karlsruhe, Germany

motik@fzi.de

However, this support is too limited for many practical pur-
poses, since the mapping primitives merely include sub-
sumption and equivalence between classes, properties and
individuals.

In this paper, we follow the general framework of [18] to
formalize the notion of a mapping system for OWL-DL on-
tologies, where mappings are expressed as correspondences
between queries over ontologies. It is easy to see that query
answering within such a mapping system is undecidable. To
obtain an alternative more suitable for practical applica-
tions, we introduce restrictions required to attain decidabil-
ity. These restricted, but still very expressive mappings, can
be expressed in OWL-DL extended with the so-called DL-
safe subset of the Semantic Web Rule Language (SWRL)
[19]. Furthermore, we note that these restrictions can be
relaxed for so-called tree-like mappings using query roll-up
techniques from [14]. We demonstrate the expressiveness of
the mapping system with a practical example.

While possible applications of the mapping system are
manifold, including for example data transformation and
data exchange [8], in the paper we show how our proposed
mapping system can be applied for the task of ontology in-
tegration, which addresses the problem of integrating a set
of local ontologies. Queries are expressed against a global,
integrated ontology, which provides a unified view of the
local ontologies. Query answering in the ontology integra-
tion system (using conjunctive queries) is based on a novel
technique for reducing description logic knowledge bases to
disjunctive datalog programs [16, 15].

2. PRELIMINARIES

The OWL ontology language is based on a family of de-
scription logics languages. In particular, OWL-DL is a syn-
tactic variant of the SHOZN (D) description logic [12].

Hence, although several XML and RDF-based syntaxes
for OWL-DL exist, in this paper we use the traditional de-
scription logic notation since it is more compact. For the
correspondence between this notation and various OWL-DL
syntaxes, see [12].

2.1 sHoznN (D) Description Logic
SHOZIN (D) is a very expressive description logic that
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strings or integers. Instead of axiomatizing concrete datatypes
in logic, SHOZN (D) employs an approach similar to [1],
where the properties of concrete datatypes are encapsulated



in so-called concrete domains. A concrete domain is a pair
(Ap,®p), where Ap is the interpretation domain, and ®p
is a set of concrete domain predicates that come with an
arity n and a predefined interpretation d® C A}. An ad-
missible concrete domain D is equipped with a decision pro-
cedure for the satisfiability of finite conjunctions over con-
crete domain predicates. Satisfiability checking of admis-
sible concrete domains can successfully be combined with
logical reasoning for many description logics.

The main expressive means of description logics are so
called concept descriptions, which describe sets of individu-
als or objects.

Let N¢ be a set of atomic concept names, Nr, and Ng,
sets of abstract and concrete role names, respectively, and
Ni, and Ny, sets of abstract and concrete individuals, re-
spectively. An abstract role is an abstract role name or the
inverse S~ of an abstract role name S (concrete roles do
not have inverses). Finally, let D be an admissible concrete
domain.

An RBox KB is a finite set of transitivity axioms Trans(R),

and role inclusion axioms of the form R C S and T C U,
where R and S are abstract roles, and T and U are concrete
roles. The reflexive-transitive closure of the role inclusion
relationship is denoted with C*. A role not having transi-
tive subroles (w.r.t. C*, for a full definition see [13]) is called
a simple role.

The set of SHOZN (D) concepts is defined by the fol-
lowing syntactic rules, where A is an atomic concept, R is
an abstract role, S is an abstract simple role, 1};, are con-
crete roles, d is a concrete domain predicate, a; and c; are
abstract and concrete individuals, respectively, and n is a
non-negative integer:

C — A|-C|CiNC:|C1UC:|3R.C|VR.C|
>nS|<nS|{a,...,an} | >2nT|<nT|
3n,...,Tw.D | VT1,. .., Tn.D

D — d|{ci,...,cn}

A TBox KBt is a finite set of concept inclusion axioms
C C D, for C and D concepts; an ABox KB 4 is a finite set
of concept and role assertions and individual (in)equalities
C(a), R(a,b), a = b and a % b, respectively. A SHOIN (D)
knowledge base KB is a triple (KB1, KBr, KB 4).

The semantics of a SHOZN (D) knowledge base KB is
given by the mapping 7 which transforms KB axioms into
a first-order formula, as shown in Table 1. Each atomic
concept is mapped into a unary predicate and each abstract
role is mapped into a binary predicate.

The SHZ Q(D) description logic is obtained from SHOZN (D)

by disallowing nominal concepts of the form {ai,...,an}
and {c1,...,cn}, and by allowing qualified number restric-
tions of the form > nS.C and < n S.C, for C a SHIQ(D)
concept and S a simple role.

2.2 Rules and Conjunctive Queries

We now introduce the notion of conjunctive queries over
a SHOIN (D) knowledge base KB. This notion is used in
Section 3 to define the mapping formalism.

Definition 1 (Conjunctive Queries) Let KB be a

SHOIN (D) knowledge base, and let Np be a set of predi-
cate symbols, such that all SHOIN (D) concepts and all ab-
stract and concrete roles are in Np. An atom has the form

P(s1,...,8n), often denoted as P(s), where P € Np, and
si are either variables or individuals from KB. An atom is
called ground atom, if it is variable-free. An atom is called
a DL-atom if P is a SHOZN (D) concept, or an abstract
or a concrete role.

Let x1,...,xn and y1,...,Yym be sets of distinguished and
non-distinguished wariables, denoted as x and y, respec-
tively. A conjunctive queyy over KB, written as Qx,y),
s a conjunction of atoms  P;(si), where all s; together ex-
actly contain x andy.

A conjunctive query Q(x,y) is DL-safe if each variable
occurring in a DL-atom also occurs in a non-DL-atom in
Qx,y)-

We extend the operator w from Section 2.1 to translate
Q(x,y) into a first-order formula with free variables x as
follows:

m(Pi(si))

For Q1(x,y1) and Q2(x,y2) conjunctive queries, a query
containment aziom Q2(X,y2) C Q1(x,y1) has the following
semantics:

m(Q2(x,y2) C Q1(x,y1)) =
Vx : m(Q1(x,y1)) « m(Q2(x,y2))

The main inferences for conjunctive queries are:

e Query answering. An answer of a conjunctive query
Q(x,y) w.r.t. KB is an assignment 0 of individuals to
distinguished variables, such that 1(KB) |E m(Q(x6,y)).

e Checking query containment. A query Qa2(x,yz2) is
contained in a query Q1(x,y1) w.r.t. KB, if 7(KB) =

m(Q2(x,y2) C Q1(x,y1)).

We now define the notion of rules and combined knowl-
edge bases extended with rules.

Definition 2 (Rules) A rule over a SHOIN (D) knowl-
edge base KB has the form H — Q(x,y) where H is an
atom and Q(x,y) a query over KB. As usual, we assume
rules to be safe, i.e. that each variable from H occurs in x
as well. A rule is DL-safe if and only if Q(x,y) is DL-safe.
We extend the operator m to translate rules into first-order
formulas as follows:

m(H — Q(x,y)) = Vx: 7(H) — n(Q(x,y))

A program P is a finite set of rules; P is DL-safe if
all rules are DL-safe. A combined knowledge base is a
pair (KB, P); we define m((KB, P)) = w(KB) Un(P). The
main inference in (KB, P) is query answering, i.e. deciding
whether 7((KB, P)) = A for a ground atom A.

To simplify the presentation, in the above definition we
assume that H is a single atom, and not a conjunction of
atoms. This is without loss of generality: it is well-known
that a rule of the form A1 A ... AN A, < Bi1 A... AN B
is equivalent to the set of rules A; «— Bi A ... A By, for
1<1<n.

Notice that without DL-safety, the above definition matches
that of the SWRL rules [11]. Intuitively, DL-safety restricts
the applicability of a query or a rule only to individuals ex-
plicitly named in a knowledge base KB. To automatically



Table 1: Translation of SHOZN (D) into FOL

Mapping Concepts to FOL
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7(C C D)= Vzx: my(C,z) — 7y (D, x)
(R E 8)= Y,y R(z,y) — 5(z.y)
m(Trans(R))= Vz,y,z : R(z,y) A R(y, z) — R(z, z)
7(C(a))= my(C,a)
m(R(a,b))= R(a,b)
)
)

by simultaneously substituting all y¢;) with z(;) and 7, with 7., and vice versa.

convert a non-DL-safe query into a DL-safe one, we assume
a special non-DL predicate O such that, for each individual
a occurring in KB, it contains a fact O(«). Then, a non-DL-
safe conjunctive query Q(x,y) can be easily converted into a
DL-safe query by appending to it an atom of the form O(z),
for each variable z occurring only in a DL-atom of Q(x,y).
For an in-depth discussion about the consequences that this
transformation has on the semantics, please refer to [19].

2.3 Reducing DLs to Disjunctive Datalog

The algorithm we present in Section 4 is based on the
correspondence between description logics and disjunctive
datalog from [16]. Given a SHZQ(D) knowledge base KB,
this algorithm produces a positive disjunctive datalog pro-
gram DD(KB) which entails exactly the same set of ground
facts as KB, i.e. KB |= A if and only if DD(KB) E A, for
A a ground fact. Thus, query answering in KB is reduced
to query answering in DD(KB), which can be performed
efficiently using the techniques of (disjunctive) deductive
databases. For example, the magic sets transformation [2]
or various statistics-based join-order optimizations can be
applied to DD(KB) to optimize query answering.

Due to some technical particularities, this algorithm re-
quires KB to be a SHZQ(D) knowledge base; all OWL-DL
constructs apart from nominals are supported. It is thus
not possible to define a class completely with an enumera-
tion of all of its class members. Another restriction is that
the ground fact A is not allowed to contain complex roles
(i.e. roles with transitive subroles). This is due to the ap-
proach used to handle transitivity axioms; for details, refer
to [16]. However, it is still possible to axiomatize transitivity
using DL-safe rules.

In [19] it was shown that the above algorithm can be used
to answer queries in a combined knowledge base (KB, P),
where P is a DL-safe program: (KB,P) |= A if and only
if DD(KB)U P = A, for A a ground atom. Assuming a
bound on the arity of the predicates in P, query answering

can be performed in time exponential in the size of KB and
P. Furthermore, as shown in [17], the data complexity of
these algorithms (i.e. the complexity assuming the size of
the schema is fixed) is NP-complete, or even P-complete if
disjunctions are not used.

3. AMAPPING SYSTEM FOR OWL-DL

Based on the definitions from [18], we now introduce the
notion of an OWL-DL mapping system. The components of
this mapping system are the the source ontology, the target
ontology, and the mapping between the two.

Definition 3 (OWL-DL Mapping System) An OWL-DL
mapping system MS is a triple (S, 7, M), where

e S is the source OWL-DL ontology,
e 7T is the target OWL-DL ontology,

o M is the mapping between S and T, i.e. a set of as-
sertions qs ~ qr, where qs and qr are conjunctive
queries over S and T, respectively, with the same set
of distinguished variables x, and ~ € {C,J,=}.

An assertion qs C qr is called a sound mapping, requiring
that qs is contained by qr w.r.t. SUT ; an assertion qs 3 qr
is called a complete mapping, requiring that qr is contained
by qs w.r.t. SUT; and an assertion qs = qr is called an
exact mapping, requiring it to be sound and complete.

A sound mapping gs C qr is equivalent to an axiom Vx :
qr(x,y1) < qs(x,ys), while a complete mapping ¢gr C gs is
equivalent to an axiom Vx : gs(X,ys) < qr(x,yr). We call
these assertions general implication mappings to distinguish
them from special types of mappings that we define later.

The generality of the above definition captures a broad
class of approaches for mapping systems. Let us discuss the
expressiveness in terms of the ontology language, the query



language and the assertions. The source and target ontol-
ogy are SHOZN (D) ontologies, i.e. logical theories that
can have multiple models. In contrast, mapping systems in
databases typically rely on simple relational schemas to de-
scribe the source and target, and each source is assumed to
be one database (with a single model). The expressiveness
of conjunctive queries corresponds to that of the well-known
select-project-join queries in relational databases. Two typ-
ical approaches to specify mappings are the global-as-view
(GAV) approach, where elements of the target are described
in terms of queries over source, and the local-as-view (LAV)
approach, where elements of the source are described in
terms of queries over target. Our mapping system subsumes
the approaches of GAV, LAV. In fact, it corresponds to the
GLAV approach, which is more expressive than GAV and
LAV combined [9].

We now define the semantics of the mapping system by
translation into first-order logic.

Definition 4 (Mapping System Semantics) For a map-
ping system MS = (S,T, M), let

T(MS) = 7(S) Un(T) Un(M).

The main inference for MS is computing answers of Q(x,y)
w.r.t. MS, for Q(x,y) a conjunctive query.

The intuitive reading of this semantics is that an answer
of a query needs to be entailed by the source ontology S, the
target ontology 7 and the mappings M. This semantics is
equivalent to the usual model theoretic semantics (e.g. in
[5]) based on local and global models, where a query answer
must be an answer in every global model.

Query answering in such a mapping system of this general
form is undecidable and requires a theorem prover. In the
following we introduce special types of mappings that lead
to decidable query answering and for which practical query
answering algorithms exist.

3.1 Full Implication Mappings

The first class of mappings captures the mappings that
can be directly expressed in OWL-DL. This is the case if ¢
and ¢; are DL-atoms of the form Ps(x) and P;(x).

Concept Mappings. If gs and q; are of the form P,(z) and
Pi(z) and Ps, P; are DL concepts, the mapping corresponds
to the equivalent concept inclusion axiom.

Role Mappings. If ¢s and g; are of the form Ps(z1,z2) and
Py(z1,x2), with Ps and P; are abstract or concrete roles, the
mapping corresponds to the equivalent role inclusion axiom.

3.2 Restricted Implication Mappings

It is well-known that query answering for general impli-
cation mappings is undecidable due to the unrestricted use
of non-distinguished (i.e. existentially bound) variables in
either gs or gr. In the following, we define restrictions that
reduce the expressivity of the mappings, but provide for a
decidable query answering procedure.

DL-safe Mappings. Let us consider a sound mapping
gs C qr' with the assertion Vx : qr(x,yr) « g¢s(X,ys).
In order to avoid introducing new objects in the interpreta-
tion domain, we disallow the use of non-distinguished vari-
ables in the query qr, i.e. restrict the assertions to the form

'For a complete mapping gs J gr, the situation is analo-
gous, with the roles of ¢gs and gr reversed.

Vx : qr(x) < gs(x,ys). Please note that these assertions
directly corresponds to SWRL rules. Analogously to safe
rules, we call these mappings safe mappings. Query answer-
ing with such mappings is still undecidable in the general
case. Therefore, we require the query ¢s to be DL-safe (c.f.
Definition 1), thus limiting the applicability of the rules to
known individuals. Thus obtained mappings correspond to
(one or more) DL-safe rules from Definition 2, for which
efficient algorithms for query answering are known [19].

Mappings with Tree-like Query Parts. The restrictions in-
troduced by DL-safety may appear rather strong. In the fol-
lowing we show how to relax the above restriction for a cer-
tain class of so-called tree-like queries. Using the query roll-
up technique from [14], we can eliminate non-distinguished
variables by reducing a tree-like part of a query to a concept,
without loosing semantic consequences.

Definition 5 (Tree-Like Query Parts) For a set of unary
and binary literals S, the coincidence graph of S is a directed
graph with the following structure:

e FEach variable from S is associated with a unique node.

e Fach occurrence of a constant in S is associated with
a unique node, i.e. occurrences of the same constant
are associated with distinct nodes.

e For each literal C(s) € S, the node s is labeled with C'.

e For each literal R(s,t) € S, the nodes s and t are
connected with a directed arc labeled R.

The subset T' of DL-atoms of a conjunctive query Q(X,y)
1s called a tree-like part of Q(x,y) with a root s if

e 10 variable from T' occurs in Q(x,y) \ T,

e the coincidence graph of T is a connected tree with a
ro0t S,

e all nodes apart from s are non-distinguished variables

of Q(x,Y).

For details of the roll-up technique for tree-like queries,
please refer to [14]; here we explain this technique on the
following conjunctive query:

Jy, z,w : R(z,y) AN A(y) AN S(y,z) A B(z) AT (y,w) A C(w)

Since the entire query is tree-like with the root z, the exis-
tential quantifiers over z and w can be moved to the atoms
where z and w first occur, yielding

Jy: R(z,y) NA(y)A [3z:S(y,z) A B(z)]A
Fw : T(y,w) A C(w)]

which is obviously equivalent to
Jy : R(z,y) N A(y) A3S.B(y) A3T.C(y).

Now the same procedure can be applied again, yielding the
formula

3R.JA A 3S.B A IT.C)(x).

By these transformations we have eliminated the non-distin-
guished variables, i.e. we have “pushed them into description
logic.”



4. QUERY ANSWERING IN AN ONTOL-
OGY INTEGRATION SYSTEM

In this section we show how to use an OWL-DL mapping
system from Section 3 for query answering in an ontology
integration system, whose main task is to provide integrated
access to a set of information sources, each expressed with
a local source ontology. The integration is realized via a
mediated, global ontology through which we can query the
local ontologies.

For a set of local source ontologies S, ..., Sn, a global on-
tology 7 and corresponding mapping systems MS1, ..., MS,
with MS; = (S;, T, M;), an ontology integratiomgsystem IS
is again a Igapping system (8,7, M) with § = ict1..ny Si
and M = ie{l..n} M. The main inference task for ZS is
to compute answers of Q(x,y) w.r.t. SUT UM, for Q(x,y)
a conjunctive query over 7.

Algorithm 1 shows how to compute answers to a conjunc-
tive query Q(x,y) in an ontology integration system ZS.
It is based on the algorithm outlined in Section 2.3, from
which it inherits certain limitations: ZS is required to be
based on SHZQ(D) knowledge bases, and the conjunctive
query Q(x,y) and the queries in mappings are not allowed
to contain transitive roles. The algorithm starts by eliminat-

Algorithm 1 Algorithm for Answering Queries in an On-
tology Integration System

Require: ontology integration system ZS and a conjunc-
tive query Q(x,y)

: Roll-up tree-like parts of Q(x,y)

: Roll-up tree-like parts of query mappings in M

: Stop if Q(x,y) or some mapping from M is not DL-safe

: T« DD(SUT UM)

: Compute the answer of Q(x,y) in I’

U W N~

ing non-distinguished variables from Q(x,y) and the map-
pings using the query roll-up technique. After roll-up, the
obtained mappings and queries are required to be DL-safe,
which is needed for decidable query answering. If this pre-
condition is fulfilled, then the source ontology, target on-
tology and the mappings are converted into a disjunctive
datalog program, and the original query is answered in the
obtained program. By the results from [16, 19], it is easy
to see that the algorithm exactly computes the answer of
Q(x,y) in ZS.

Let us contrast our approach to query answering with typ-
ical approaches in GAV and LAV data integration with re-
spect to how queries against the target are reformulated to
queries against the sources. In GAV systems, the problem
reduces to simple view unfolding, as the reformulation is ex-
plicit in the mappings. In LAV, the problem requires more
complex reasoning steps. In contrast, our approach does
not require an explicit reformulation step. Instead, query
answering here operates on a combined knowledge base con-
sisting of source ontology, target ontology and mappings be-
tween them.

From the above definition, one might get the impression
that the above algorithm requires that all source and target
ontologies must be physically integrated into one mapping
system in order to answer queries. This is, of course, not
the case. More concretely, to compute DD(S U7 U M), it
is necessary to physically integrate the TBox and the RBox
part of S, 7 and M. Since the TBox and RBox are typically

much smaller than the data, this does not pose practical
problems. Accessing actual data sources (i.e. the ABoxes)
is then governed by the chosen strategy for evaluating the
disjunctive program.

5. EXAMPLE

We now present an example of a mapping system to il-
lustrate the rather formal definitions from the previous sec-
tions. Let us assume that we need to establish semantic
correspondences between two heterogeneous ontologies mod-
eling the bibliography domain. Table 2 shows the definition
of the source ontology S, and the target ontology 7. The
corresponding mappings M are shown in Table 3 and visu-
alized in Figure 1. In the mappings we use the namespace
prefixes s: and t: to denote elements of the source and target
ontology, respectively.

Table 2: Source Ontology S and Target Ontology 7

Source Ontology “ Target Ontology ]

Person T T Author C T
Publication T T Entry C T

Article C Publication Article C Entry
Thesis C Publication MasterThesis C Entry
PhDThesis C Entry

TopicC T

Person C Vname.String
Topic C Vname.String

T E Vauthor.Person
Publication C Vtitle.String
Publication C VisAbout.Topic

Author C VYname.String

T E VYauthor.Author
Entry C Vtitle.String
Entry C Vsubject.String

Table 3: Mapping M

Correspondences

Qs,1(x,y) : s:Publication(z) A s:title(x, y)
Q¢,1(x,y) : t:Entry(x) A t:title(x, y)

my : Qs1 & Qe

Qs,2(z) : s:Article(z)

Qt,2(x) : t:Article(x)

M3 Qea C Qua

Qt,3(x) : s:Thesis(x)

Qs,3(x) : (t:MasterThesis U t:PhD Thesis)(x)
m3 : Qs,3 E Qi3

Qs,a(x,y) : szauthor(x,y)

Qt,a(x,y) : t:author(z,y)

my : Qsa & Qi a

Qs,5(x) : s:Person(x) A s:author(y, )
Q¢,5(x) : t:Author(z)

ms: Qs5 E Qrs

Qs,6(x, z) : s:Publication(x) A s:isAbout(x,y) A s:name(y, z)
Qt.6(x, z) : t:Entry(xz) A t:subject(x, z)

me : Qs,6 E Qi6

Mapping mi maps publications from the source ontology
along with their title to the corresponding entries of the
target ontology. The sound mapping is expressed via the
assertion:

Va,y : t:Entry(z) A t:title(z,y) —
s:Publication(x) A s:title(z, y)

This general implication mapping contains no non-distin-
guished variable in Q¢,1, so it can be expressed in a SWRL
rule. However, the mapping is not DL-safe, as both  and y
do not occur in non-DL predicates in @Qs,1. The mapping can
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Figure 1: Example Mapping

be made DL-safe (as explained previously) by binding these
variables with the special non-DL predicate O to individuals
that actually occur in the source ontology:

Va,y : t:Entry(z) A t:title(z,y) —
s:Publication(x) A s:title(z,y) A O(z) A O(y)

Mapping mo maps the articles in the source ontology to
articles in the target ontology, which can be expressed with
a simple concept mapping:

s:Article C t:Article

Mappings ms demonstrates the use of complex concepts
in a concept mapping; it maps the concept Thesis in the
source ontology to the union of the concepts PhDThesis and
MasterThesis:

s:Thesis T (t:MasterThesis U t:PhD Thesis)

It shows that because of the expressiveness of the ontology
language, we are able to express disjunctions in mappings
(despite the fact that the query language only allows con-
junctive queries).

Mapping m4 simply maps the author property of the source
ontology to that of the target ontology. It can be expressed
with a simple role mapping:

s:author C t:author

Mapping ms maps persons that are authors of a publica-
tion in the source ontology to authors in the target ontology.
For the query Qs,5 we can apply the query roll-up technique
presented in the previous chapter. Qs 5(x) : s:Person(z) A
s:author(y, x) is a tree-like query with the distinguished vari-
able x as its root. It can thus be rolled-up to the seman-
tically equivalent query Qs 5(x) : (3s:author™.s:Person)(z).
We can therefore express the mapping as a concept mapping;:

ds:author .s:Person C t:Author

Let us compare this mapping with a DL-safe mapping ob-
tained without query roll-up:

vV : t:Author(x) «—
s:Person(x) A s:author(y,z) A O(z) A O(y)

With the latter assertion, only those persons whose publi-
cations are explicitly named in the source ontology will be
mapped to authors of the target ontology, whereas the prior
mapping only requires a publication to exist, but it does
not require it to be explicitly named. To illustrate the dif-
ference, consider the following ABox of the source ontology
as example:

s:Person(peter), s:Person(boris),
(Is:author™)(peter), s:author(pub, boris)

A query against the target ontology q:(x) : t:Author(x)
would return both individuals peter and boris as result for
the mapping obtained with query roll-up, as for both indi-
viduals authored publications are known to exist. The same
query, but evaluated with the latter mapping, would return
only the individual boris as query result, as the the publi-
cation of which peter is an author, is not explicitly named
in the ontology.

Finally, mapping me¢ maps the topic classification of the
publications. Please note that the topics in the source on-
tology are modeled as a separate concept, whereas in the
target ontology the entries carry the name of the topic as
a property: The name of the topic in the source ontology
maps to the subject of the entry in the target ontology. The
mapping can be expressed with the following assertion:

YV, z : t:Entry(x) A t:subject(z, z) —
s:Publication(x) A s:isAbout(z,y) A s:name(y, z)

This mapping is again not DL-safe. Also, neither Qs nor
Q1,6 are tree-like queries, so query roll-up can not be ap-
plied. To make the mapping DL-safe, we again require the



variables to be bound to explicitly named individuals:

Yz, z : t:Entry(x) A t:subject(z, z) «—
s:Publication(z) A s:isAbout(z,y) A s:name(y, z)
ANO(z) A O(y) A O(z)

6. RELATED WORK

Representation of Mappings. Our work is based on the for-
malization of a mapping system introduced in [18], which,
because of its generality, subsumes a large class of map-
ping representations. Aspects that are not captured by this
model include probabilistic or fuzzy mappings such as in [3]
and the notion of context as e.g. introduced in C-OWL [4].

Data Integration. The task of ontology integration as ap-
plication of the mapping system is very related to that of
data integration in databases. In [18] the author introduces
a general framework for data integration and compares exist-
ing approaches to data integration (GAV, LAV) along this
framework. He also discusses query processing approaches
for GAV and LAV, as well as the topic of inconsistencies be-
tween sources, and reasoning on queries. In [10] Halevy gives
a status report on data integration, describing the recent
progress on (i) schema mediation languages (LAV, GAV,
GLAV), (ii) query answering algorithms (view unfolding in
GAV, answering queries using views in LAV), (iii) query op-
timization, (iv) query execution , and (v) industry develop-
ment. [6] presents a description logic based approach to data
integration. In this framework, the sources are described us-
ing views over a mediated schema (LAV). The Description
Logic DLR is used to model the components of the data inte-
gration system. As query expressions, non-recursive datalog
queries are allowed. Views are defined based on these query
expressions. A query answering algorithm based on reduc-
tion of answering queries using views to unsatisfiability is
presented.

Ontology Integration. The work on data integration has
been extended and re-applied to ontology integration in [5].
Here the authors follow the classical distinction between
LAV and GAV approaches and outline query answering al-
gorithms for these specific settings. In contrast to this work,
query answering in our ontology integration system is not
bound to these restricted forms of mappings. The main
distinction between ontology integration and the existing
approaches in data integration in databases is that in data
integration one assumes that the sources basically are one
database, whereas in ontology integration a source ontol-
ogy is an arbitrary logical theory, which can have multiple
models. Further, in data integration the languages to de-
scribe the sources and targets are typically very restricted
(e.g. express the schemas as plain relations). Finally, the
approaches are often limited to either LAV or GAV, whereas
we do not make restrictions here.

Mapping Discovery. A final related problem is that of on-
tology matching and ontology alignment in the line of [7] and
[20], where the goal is to manually or (semi-)automatically
identify correspondences between ontologies, which finally
result in mappings expressed in some formalism. Our work
can be seen as complementary in the sense that the identified
correspondences can be expressed in our mapping system
and applied for tasks such as ontology integration.

7. CONCLUSIONS

We have presented the formalization of a general mapping
system for OWL-DL ontologies. In this mapping system,
the mappings between source and target ontology are speci-
fied as correspondences between conjunctive queries against
the ontologies. The expressiveness of the mapping system
is embodied in the ontology language (SHOZN (D)), the
supported query language (conjunctive queries), and the
flexibility of assertions (GLAV approach). We have further
identified a decidable fragment of mappings and a practi-
cal query answering algorithm for the task of ontology in-
tegration. All components of the mapping system can be
fully expressed in OWL-DL extended with DL-safe rules.
It thus integrates well with current efforts for rule exten-
sions to OWL. The presented algorithms are implemented in
the KAON2 ontology management system (http://kaon2.
semanticweb.org/).
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