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Abstract

This paper proposes an approximate query reformulation
framework for integrating multiple ontologies. In order to
achieve semantic interoperability in the Semantic Web, mul-
tiple ontologies have to be integrated. Ontology integration
requires approximation mechanisms, since often no perfectly
corresponding ontologies exist. However, most previous re-
search efforts on ontology integration have not provided clear
semantics for approximation. In this paper, we propose a for-
mal framework for approximate query reformulation and pro-
vide a reformulation method based on hierarchical ontology
mapping.

Introduction
In order to achieve semantic interoperability in heteroge-
neous information services, ontologies have been widely
used. As the research and development on ontologies such
as the Semantic Web have grown, several domain ontologies
have been constructed. However, the de-centralized nature
of the Web makes it difficult to construct or standardize a
single ontology. Ontology integration is thus necessary.

When integrating ontologies, those that correspond ex-
actly are seldom found. For example, there may be no corre-
sponding class for Cajun restaurants in a Japanese ontology
for restaurants. In such a case, one may use an approxi-
mation mechanism to replace “Cajun” with the American
restaurant class in the Japanese ontology. However, most
previous research efforts on ontology integration do not pro-
vide clear semantics for approximation.

In this paper, we propose a formal framework for approx-
imate query reformulation (Akahani, Hiramatsu, & Kogure
2002). In this framework, a query represented in one ontol-
ogy is reformulated approximately into a query represented
in another ontology by using an ontology mapping specifica-
tion. In order to characterizecloserreformulation, we adapt
and extend the notion ofmaximally-containedreformulation
(Halevy 2000) in the database literature. Specifically, we in-
troduce two kinds of reformulation:minimally-containing
reformulation andmaximally-containedreformulation.

In our framework, ontology mapping specifications are
described as an ontology. This paper focuses on one-to-
one subsumption mapping between ontologies, which we
call hierarchical ontology mapping. We provide a reformu-
lation method based on hierarchical ontology mapping by

Figure 1: Ontology Mapping

introducing two kinds of reformulation operators: themost
special generalizersfor minimally-containing reformulation
and themost general specializersfor maximally-contained
reformulation.

In the following sections, we first propose an approximate
query reformulation framework. We then provide a refor-
mulation method based on hierarchical ontology mapping.
Finally, we relate our framework to previous efforts in the
field and present our conclusions.

Approximate Query Reformulation
Preliminaries: Queries over Terminological
Knowledge Bases
In this section, we define queries over terminological knowl-
edge bases extending a framework for approximate termino-
logical queries (Stuckenschmidt & van Harmelen 2002).

We first define terminological knowledge bases labeled by
ontologies.

Def. 1 (Terminological Knowledge Base in an Ontology)
Given a setCi of classes and a setRi of relations in an
ontology Oi, and a setO of objects, a terminological
knowledge base (KB)T i in the ontologyOi is a set of
axioms of the forms

• Ci
1 v Ci

2 whereCi
1, C

i
2 ∈ Ci.

• Ri
1 v Ri

2 whereRi
1, R

i
2 ∈ Ri.

• Ci(a) whereCi ∈ Ci anda ∈ O.
• Ri(a, b) whereRi ∈ Ri anda, b ∈ O.



For example, the terminological KBT 1 in ontologyo1
shown in Figure 1 contains the following axiom.

CajunRestaurant1 v AmericanRestaurant1

Similarly, the terminological KBT 2 in ontologyo2 contains
the following axiom.

drinkMenu2 v menu2

The semantics of a terminological KB is defined using an
interpretation functionI in the usual way. We define the
models of KB and logical consequences as follows.

Def. 2 (Semantics)An interpretationI is a model for the
KB T i if I |= A for every axiomA ∈ T i where|= is defined
as follows:

• I |= Ci
1 v Ci

2 iff I(Ci
1) ⊆ I(Ci

2).
• I |= Ri

1 v Ri
2 iff I(Ri

1) ⊆ I(Ri
2).

• I |= Ci(a) iff I(a) ∈ I(Ci).
• I |= Ri(a, b) iff I(〈a, b〉) ∈ I(Ri).

An axiomA logically follows from a set of axiomsS (de-
noted byS |= A) if I |= S impliesI |= A for every model
I.

We next define queries over terminological KBs. A query
is a conjunction of a query about classes and a query about
relations.

Def. 3 (Query) LetV be a set of variables disjoint fromO.
A queryQi in ontologyOi is of the form

Qi
C ∧Qi

R

where

• Qi
C is a boolean combination ofCi(x) whereCi ∈ Ci

andx ∈ O ∪ V,
• Qi

R is a boolean combination ofRi(x, y) whereRi ∈ Ri

andx, y ∈ O ∪ V.

For example, the following denotes a query about a Cajun
restaurant that has Chardonnay on its wine list in ontology
o1 .

CajunRestaurant1(x) ∧ wineList1(x, ‘Chardonnay′)

The answer to a queryQi can be obtained by substituting
variablesv1, · · · , vn contained inQi by a tuple〈a1, · · · , an〉
of objects. We denote this substitutionσ. The answer set
A(Qi) is a set of tuples such thatT i |= Qiσ. The semantic
relations between different queries are defined as follows.

Def. 4 (Query Containment) For queriesQ1 and Q2, Q1

is said to be contained inQ2 (denoted byQ1 v Q2) if
A(Q1) ⊆ A(Q2).

Mapping among Multiple Ontologies
In our framework, a query represented in one ontology is
reformulated approximately into a query represented in an-
other ontology by using an ontology mapping specification.
In this paper, we focus on one-to-one subsumption relations
between classes and relations. We call this type of mapping
hierarchical ontology mapping.

Def. 5 (Hierarchical Ontology Mapping) Ontology map-
pingM ij between ontologyOi andOj is a set of assertions
and is divided into four subsets as follows:

M ij = M ij
cg ∪M ij

cs ∪M ij
rg ∪M ij

rs

where
• M ij

cg = {Ci v Cj | Ci ∈ Ci andCj ∈ Cj},
• M ij

cs = {Cj v Ci | Ci ∈ Ci andCj ∈ Cj},
• M ij

rg = {Ri v Rj | Ri ∈ Ri andRj ∈ Rj},
• M ij

rs = {Rj v Ri | Ri ∈ Ri andRj ∈ Rj}.
For example, ontology mappingM12 between ontology

O1 andO2 in Figure 1 is the union of the following sets.

M12
cg = {AmericanRestaurant1 v BeikokuRyouri2,

Wine1 v Drink2}
M12

cs = {BeikokuRyouri2 v AmericanRestaurant1}
M12

rg = {wineList1 v drinkMenu2,

wineList1 v menu2,

wineList1 v adultMenu2}
M12

rs = φ

There may be many possible reformulated queries, but we
prefer closer reformulation. We therefore adapt and extend
the notion ofmaximally-containedreformulation (Halevy
2000) in the database literature. Specifically, we charac-
terize two kinds of reformulation: minimally-containing
reformulation and maximally-contained reformulation. In
minimally-containing reformulation, the reformulated query
minimally covers the original query. On the other hand, in
maximally-contained reformulation, the reformulated query
is maximally covered by the original query.

Assuming that ontology mappingM ij is consistent with
KBs T i and T j , we characterize approximate query re-
formulation using query containment in the merged KB
T i ∪M ij ∪ T j . We extend the definition of the answer set
A(Q) to be a set of tuples such thatT i ∪M ij ∪ T j |= Qσ.
Approximate query reformulation is defined as follows.

Def. 6 (Approximate Query Reformulation) Let Qi and
Qj be queries in ontologyOi andOj , respectively.

• Qj is an equivalent reformulation ofQi if Qj v Qi and
Qi v Qj .

• Qj is a minimally-containing reformulation of Qi if
Qi v Qj and there is no other queryQj

1 in Oj such that
Qi v Qj

1 andQj
1 v Qj .

• Qj is a maximally-contained reformulation of Qi if
Qj v Qi and there is no other queryQj

1 in Oj such that
Qj v Qj

1 andQj
1 v Qi.

Recall the example query above. A reformulated query

Beikokuryouri2(x) ∧ drinkMenu2(x, ‘Chardonnay′)
is not a minimally-containing reformulation, as there is a
minimally-containing reformulated query as follows;

Beikokuryouri2(x) ∧ drinkMenu2(x, ‘Chardonnay′)
∧adultMenu2(x, ‘Chardonnay′)



Reformulating Queries Approximately
In this section, we address how queries are reformulated
based on hierarchical ontology mapping. Specifically, we
present two kinds of reformulation operators: the most
special generalizers for minimally-containing reformulation
and the most general specializers for maximally-contained
reformulation.

A reformulated query consists of classes and relations
appeared in therange of ontology mapping. Intuitively,
classes and relations in a minimally-containing reformula-
tion should minimally subsume those in the original query.
Therefore, calculation of the least upper bounds for classes
and relations is necessary. Similarly, maximally-contained
reformulation requires calculation of the greatest lower
bounds. We first define the least upper bounds and great-
est lower bounds for a class and a relation. This definition is
an extended version of (Stuckenschmidt 2002).

Def. 7 (Least Upper Bounds and Greatest Lower Bounds)
Let C be a class,T be a KB, andTC be a set of classes,
then the least upper boundsLUB(C, T, TC) and greatest
lower boundsGLB(C, T, TC) are defined as follows:

• LUB(C, T, TC) = {C ′ | C ′ ∈ TC, T |= C v C ′ and
there is no otherC ′1 ∈ TC such thatT |= C v C ′1 and
T |= C ′1 v C ′}.

• GLB(C, T, TC) = {C ′ | C ′ ∈ TC, T |= C ′ v C and
there is no otherC ′1 ∈ TC such thatT |= C ′ v C ′1 and
T |= C ′1 v C}.
The least upper bounds and greatest lower bounds for a

relation are defined similarly.

The mapping rangeD(M ij) of ontology mappingM ij is
defined to be a set of classes and relations in ontologyOi

that appear inM ij .
Minimally-containing reformulation requires calculation

of the least upper bounds of classes and relations in the
original query with respect to the merged KB. As ontol-
ogy mapping is divided into four subsets, we only take into
considerationM ij

cg and M ij
rg for classes and relations, re-

spectively. For example, the least upper bounds of a class
CajunRestaurant1 with respect to a KBT 1 ∪M12

cg in the
mapping range ofM12

cg is the following set.

LUB(CajunRestaurant1, T 1 ∪M12
cg , D(M12

cg )) =
{Beikokuryouri2}

Similarly, the least upper bounds of a relationwineList1

with respect to a KBT 1 ∪ M12
rg in the mapping range of

M12
rg is the following set.

LUB(wineList1, T 1 ∪M12
rg , D(M12

rg )) =
{drinkMenu2, adultMenu2}

Using the least upper bounds, we can define the most spe-
cial generalizers for class queries and relation queries.

Def. 8 (Most Special Generalizers)Let M ij be an ontol-
ogy mapping andT i be a KB in ontologyOi. A most special
generalizer for a class queryCi(x) is defined as follows:

MSG(Ci(x)) = Cj
1(x) ∧ · · · ∧ Cj

n(x)

whereLUB(Ci, T i ∪M ij
cg, D(M ij

cg)) = {Cj
1 , · · · , Cj

n}.
A most special generalizer for a relation queryRi(x, y)

is defined as follows:

MSG(Ri(x, y)) = Rj
1(x, y) ∧ · · · ∧Rj

n(x, y)

whereLUB(Ri, T i ∪M ij
rg, D(M ij

rg)) = {Rj
1, · · · , Rj

n}.
Based on the above examples of least upper bounds, we

have the following most special generalizers.

MSG(CajunRestaurant1(x)) =
Beikokuryouri2(x)

MSG(wineList1(x, ‘Chardonnay′)) =
drinkMenu2(x, ‘Chardonnay′)
∧ adultMenu2(x, ‘Chardonnay′)

Applying these most special generalizers, the query in on-
tologyo1

CajunRestaurant1(x) ∧ wineList1(x, ‘Chardonnay′)

is reformulated approximately into the query in ontologyo2

Beikokuryouri2(x) ∧ drinkMenu2(x, ‘Chardonnay′)
∧adultMenu2(x, ‘Chardonnay′).

Similarly, we can define the most general specializers for
class queries and relation queries using the greatest lower
bounds.

Def. 9 (Most General Specializers)Let M ij be an ontol-
ogy mapping andT i be a KB in ontologyOi. A most general
specializers for a class queryCi(x) is defined as follows:

MGS(Ci(x)) = Cj
1(x) ∨ · · · ∨ Cj

n(x)

whereGLB(Ci, T i ∪M ij
cs, D(M ij

cs)) = {Cj
1 , · · · , Cj

n}.
A most special generalizer for a relation queryRi(x, y)

is defined as follows:

MGS(Ri(x, y)) = Rj
1(x, y) ∨ · · · ∨Rj

n(x, y)

whereGLB(Ri, T i ∪M ij
rs, D(M ij

rs)) = {Rj
1, · · · , Rj

n}.
The following theorem assures the correctness of our

framework.

Theorem 1 LetQi be a query in ontologyOi, then

• if Qi is reformulated intoQj
g in ontologyOj by the most

special generalizers, thenQj
g is a minimally-containing

reformulation ofQi,

• if Qi is reformulated intoQj
s in ontologyOj by the most

general specializers, thenQj
s is a maximally-contained

reformulation ofQi.



Related Work
Approximate terminological query framework (Stucken-
schmidt & van Harmelen 2002) provides a formal frame-
work for query approximation. However, in this respect,
query approximation is used to improve the efficiency in
a single ontology. Thus, they did not provide ontology
mapping. The approximate information filtering framework
(Stuckenschmidt 2002) has also been proposed. However,
they only dealt with class hierarchies and the maximally-
contained reformulation in our framework.

Most previous research efforts on ontology integration
have used ad-hoc mapping rules between ontologies (as sur-
veyed in (Wacheet al. 2001)). This approach allows flex-
ibility in ontology integration, but most works do not pro-
vide semantics for the mapping rules. One exception is the
Ontology Integration Framework (Calvanese, De Giacomo,
& Lenzerini 2002) which provides clear semantics for on-
tology integration by definingsoundandcompleteseman-
tic conditions for each mapping rule. However, each map-
ping rule and its semantic conditions have to be specified
by users. It is therefore difficult to ensure consistency in
the mapping rules. In contrast, our framework can generate
soundandcompletemapping rules by specifying ontology
mapping. It is relatively easy to check the consistency, since
ontology mapping specifications are described as an ontol-
ogy.

The OBSERVER system (Menaet al. 2000) provides
primitives for defining relationships between ontologies,
such assynonym, hypernym, andhyponym. Furthermore, it
provides a query reformulation algorithm using these prim-
itives However, except forsynonym, these mapping primi-
tives do not have formal semantics. Although reformulated
queries are evaluated by a closeness metrics, they are not
logically grounded. In contrast, our approximate query re-
formulation provides reformulation operators with clear se-
mantics.

Conclusions
In this paper, we presented a formal framework for ap-
proximate query reformulation. In order to characterize
closer reformulation, we introduced two kinds of reformu-
lation: minimally-containing reformulation and maximally-
contained reformulation. We have shown that approximate
query reformulation can be defined with query containment
by virtually merging source ontology, target ontology and
ontology mapping.

We also provided a reformulation method based on hi-
erarchical ontology mapping by introducing two kinds of
reformulation operators. For minimally-containing refor-
mulation, the most special generalizers reformulate a class
(or relation) expression in an original query into conjunc-
tion of the least upper bounds of the class (or relation). For
maximally-contained reformulation, the reformulated query
by the most general specializers is disjunction of the greatest
lower bounds. We showed the correctness of our framework.

The approximate query reformulation framework has
been incorporated into the GeoLinkAgent system (Akahani
et al. 2002). In the prototype system, agents coordinate

regional information services provided by the GeoLink sys-
tem (Hiramatsuet al. 2000), which is used in the Digital
City Kyoto prototype (Ishidaet al. 1999). Approximate
query reformulation is required for such domains that have
cross-cultural aspects, because ontologies vary from region
to region due to cultural differences.

This paper focused on hierarchical ontology mapping.
More complex mapping specification may be necessary for
flexibility in ontology integration. However, it is not clear
our theorem holds for complex mapping such as conjunction
of relations. Many interesting issues require further investi-
gation.
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