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Abstract. State of the art formalisms for distributed ontology integration pro-
vide ways to express semantic relations between concepts belongingetenliff
ontologies. However, the extensive usage of multiple distributed ontologies
quires the capability for expressing different forms of mappings, keitend
the semantic relations between concepts studied so far. In this papaopose

an extension of the formalism of Distributed Description Logic (DDL) to eepr
sent mappings between concepts as well as mappings between relatiorzs)
effective decision procedure for reasoning with multiple ontologies bddgith
these mappings.

1 Introduction

In the extensive usage of ontologies envisaged by the Semakeb there is a com-
pelling need for expressing mappings between heterogeraologies. These map-
pings are of many different forms and involve the differemtnponents of ontologies.

Most of the formalisms for distributed ontology integratibased on the p2p ar-
chitecture, usually callechapping languagefl1], provide ways to express semantic
relations between concepts of different ontologies. Oely mapping languages allow
also to express semantic relations between roles [6, 4s& hpproaches define map-
pings between ontologies expressed in first order logicsmFa theoretical point of
view this is not a problem, even if ontologies are nowadaysessed in OWL and their
syntax/semantics is based on Description Logics (DL). th, fBLs can be translated
in a fragment of first order logic [3], and we can therefore theeabove mentioned
formalism as mapping languages between ontologies. Howig translation makes
the reasoning task more complex, and does not allow to rearsbufld on top of)
the existing efficient reasoning tools for Description LaxiFor this reason, we be-
lieve that is preferable to extend a DL-native formalismtsas for instance DDL [13]
and in&-connection [10, 8] to express new forms of mappings, andaitiqular map-
pings between roles. In [7] we have extended the formalisDistfibuted Description
Logic (DDL) with primitives to specify two different sortd mappings: homogeneous
mappings, that is mappings between concepts and mappimgsdreroles, and het-
erogeneous mappings, that is mappings between conceptelaadin [7] neither an
axiomatic characterization on the effects of mappingsaraecision procedure to check
concept satisfiability in presence of these extended mgppare produced.

The first goal of this paper is to study in depth the DDL obtdibg considering
homogeneous mappings. We have decided to focus first on lamogs mappings be-
cause they are a very intuitive and popular form of mappiigs.chapter on Ontology



Mappings of the OWL Web Ontology Language Guide [1], for ins& highlights the
importance of expressing mappings between concepts asawetiappings between
roles. Moreover, state of the art ontology mapping tools €sg., [12]) represent map-
pings between roles in addition to mappings between coasadmifferent ontologies.
This highlights the need of expressive mapping languagedabepresent semantic re-
lations between concepts and semantic relations betwésnabdifferent ontologies.
The second goal of this paper is to define an effective deatisiocedure to com-
pute subsumption between classes and roles in ontologmsected by homogeneous
mappings, where the ontologies are expressed iSH& Q language. This extension
is done in the style of DDL.: first we define a bridge operatorchiexpresses how sub-
sumption migrates from an ontolo@y; to an ontologyO- by means of the mappings,
and then we use this operator to sketch how the distributédaax algorithm for DDL
described in [13] can be extended to support reasoning \eitldgeneous mappings.

2 Role mapping primitives

Before introducing a new primitive, there are a number ofstjoas that need to be
answered. The first and more important question is that ofttvenesuch a primitive
is expressible as a combination of already existing primatj in our case mappings
between concepts. In the following we show that this is netdhse and we base our
argument on the semantics of mappings described in [4].

Given two concepts” and D belonging to two ontologie®); and O respec-
tively, the mapping € and D are equivalent” is satisfied when the first order formula
Vz(C(x) = D(x)) is satisfied, wher€”(«) and D(z) are the translation in first or-
der logic of the concept§’ and D, defined as in [3]. Similarly, given two role® and
S belonging toO, and O,, respectively, the semantics of the mappidgdnd S are
equivalent” is expressed by the first order formuta(vy(R(z,y) = S(x,y))) Itis
easy to see that in first order logic the second implicatiomogabe written in terms of
the first. This does not change even if we adopt a semantiesi ks distributed do-
mains such as the one proposed in [6]. This imply that we nqedrative that allows
one to express the fact that a rdtdn an ontology is more/less general than a Bl
another ontology.

The second question we have to answer is why we provide aegsipe mapping
language and a distributed decision procedure insteadooidémy mappings as DL as-
sertions over a unique top global ontology. The main reampsopose a “distributed”
semantics for DDL, which is based on multiple domains cotetkeia domain relations
(rather than a single domain) concerns the capability of D@®tapture the properties
of localized inconsistencgnddirectionality as shown in [13]. According to localized
inconsistency, the inconsistency in one component onyoébgpuld not automatically
propagate to all other ontologies that are integrated irstiblited system. According
to the directionality property, semantic mappings haveraction from a source on-
tology to a target ontology, and support knowledge propagainly in that direction.
The interested reader can refer to [13] for a detailed dsonsvhich we omit for lack
of space. In addition to these motivations which are commoaadltour work on DDL,
there are also specific reasons to consider explicitly nmgspbetween roles, instead



of encoding them in DL assertions. As we show more in detafieation 6, encoding
mappings between roles in DL assertions requires the udathe gole composition
operator, which is, in the general case, undecidable.

3 Alanguage for mappings

Description Logic (DL) has been advocated as the suitabimdbtool to represent
and reason about ontologies. Distributed Description ¢ ¢#8] is anatural general-
ization of the DL framework designed to formalize multiplet@logies interconnected
by semantic mappings. In DDL, ontologies correspond to rifgsan logic theories
(T-boxes), while semantic mappings correspond to cobestiofbridge rules(). In
the following we recall the definitions of a DDL able to to egps mappings between
concepts as well as mappings between roles.

Given a non empty sdt of indexes, used to identify ontologies, lPL;},c; be a
collection of description logiés For each € I let us denote a T-box dPL; as7;. In
this paper, we assume that edeh; is weaker or at most equivalent&HZ Q.

We callT = {7;};c; a family of T-Boxes indexed by. Intuitively, 7; is the de-
scription logic formalization of theé-th ontology. To make every description distinct,
we will prefix it with the index of ontology it belongs to. Fandtance, the conceft
that occurs in theé-th ontology is denoted as: C. Similarly,i : C' © D denotes the
fact that the axion C D is being considered in theth ontology.

Semantic mappings between different ontologies are espdesiabridge rules
The bridge rules we consider in this paper are defined asifsilo

Definition 1 (Bridge rules). A bridge rule fromi to j is an expression of the form:

1l.i: X ij 'Y (onto-bridge rul@
2.i: X & j : Y (into-bridge rulé

whereX andY are either concepts dPL; andDL;, or roles of DL; andDL;. The
expression : X —- j : Y denotes the combination of onto and into bridge rules.

Definition 2 (Distributed T-box). A distributed T-box (DTBE = ({7;}:c1,B) con-
sists of a collection of T-box€4; }.< 1, and a collection of bridge rule® = {B;; },+jcr
between them.

In [7] the bridge rules defined above are call@mmogeneous bridge ruleas they
map homogeneous components of distributed ontologiesémis with concepts and
roles with roles). In that paper we introduce also heteregan bridge rules, that is
mappings between different components of ontologies. #iance, mappings of con-
cepts into (onto) roles and vice-versa. In this paper we eoinate on homogeneous
bridge rules as a first step towards a DDL able to represemntaastn with an extensive
family of mappings.

Bridge rules from to j express relations betweénnd; viewed from thesubjective
point of view of thej-th ontology. Bridge rules between concepts have beendated

1 We assume familiarity with Description Logic and related reasoning systisstibed in [2].



and studied in [13]. Intuitively, the concept-into-contépidge rulei : A =N j: B
states that, from thg-th point of view the concept in i is less general than its local

conceptB. Similarly, the concept-onto-concept bridge rule A = j : B expresses
the fact that, according tg, A in ¢ is more general tha® in j. Therefore, bridge
rules fromi to j provide the possibility of translating intgs ontology (under some
approximation) the concepts of a foreigs ontology. Note, that since bridge rules
reflect a subjective point of view, bridge rules frgrto : are not necessarily the inverse
of the rules fromi to j, and in fact bridge rules fromto j do not force the existence of
bridge rules in the opposite direction. Thus, the bridge rul

i : Article —= j : ConferencePaper

expresses the fact that, according to ontolpgie concepArticle in ontology: is more
general than its local concebnferencePapers. Bridge rules on roles formalize the
analogous intuition for roles. Thus, the bridge rule:

1 : marriedTo ij : partnerOf

says that according to ontology the relationrmarriedTo in ontology: is less general
than its own relationpartnerOf.

The semantic of DDL, which is a customization of Local Mod8iBmantics [5,
6], assigns to each ontolodg alocal interpretation domainThe first component of
an interpretation of a DTB is a family of interpretatiofi%; };c;, one for each T-box
7;. EachZ; is called alocal interpretationand consists of @ossibly emptydomain
AT and a valuation functior?:, which maps every concept to a subsetdf, and
every role to a subset af?: x A%, Interpretations with empty domains are necessary
to provide a semantics faguartially inconsistentdistributed T-boxes (see [13]). The
second component of the semantics is a family of domainioakst Domain relations
define how the different T-box interact and are necessargfioe the satisfiability of
bridge rules.

Definition 3 (Domain relation). A domain relation-;; from A% to A% is a subset of
ATi x ATi. We user;;(d) to denote{d’ € A% | (d,d’) € r;;}; for any subsetD of
A, we user;;(D) to denote J ., 745(d); for any R € A% x A% we user;;(R) to
den0t®<d7d/>6R Tij (d) X Tij(d/).

A domain relationr;; represents a possible way of mapping the elementa”of
into its domainAZ:, seen fromj’s perspective. For instance, 7' and A?2 are the
representation of time as Rationals and as Naturglgould be the round off function,
or some other approximation relation. This function hasdabnservative w.r.t., the
order relations defined on Rationals and Naturals. Doméatioas are used to interpret
bridge rules according with the following definition.

Definition 4 (Satisfiability of bridge rules). The domain relatiom;; satisfies a bridge
rule b w.rt., Z; andZ;, in symbolsZ;, ;;,Z;) = b, according with the following:

1 (T, Ty ry) Fi X —= j: X, ifry(XT) C YT



2. (T, Ty, ry) Fi Y = Y, if iy (X%) DY
whereX andY are either two concept expressions or two role expressions.

Definition 5 (Distributed interpretation). A distributed interpretation
J = ({Zi}icr, {rij }ixjer) of a DTBZ consists of local interpretatioris; for each7;
on local domainsAZ:, and families of domain relations; between local domains.

Definition 6 (Satisfiability of a Distributed T-box). A distributed interpretatior¥ sat-
isfies the elements of a DTBaccording to the following clauses: for eveiyj € I

1.JF::ACB,f.;EACRB
2.JFT;,ifJFi: AC Bforall AC Bin7T;

3. JE By, if (Z;,1;;,Z;) satisfies all the bridge rules i%,;
4. JE %, ifforeveryi,j € I,JF 7, andJ F B;;

Definition 7 (Distributed Entailment and Satisfiability). € = ¢ : C C D (read as
“Tentailsi : C C D")ifforevery 3,7 F T impliesJ E i : C C D. ¥ is satisfiabldf
there exists & such thatd = T. Concept : C'is satisfiablewith respect tot if there is
aJsuchthati E TandC% # ().

4 The effects of mappings

In the previous section we have defined a declarative larg(@igmappings) which
allows to state set-theoretic relations between the eixtes®f the concepts and roles
in different ontologies (T-boxes). Mappings can be thougfhds inter-theory axioms,
which constrain the possible models of the theories repteggthe different ontolo-
gies. Thus, a set of mappings between two ontologies allowsrnbine the knowledge
contained in the two ontologies in order to derive new knaolgt In this section we
discuss the main effects of mapping in terms of the new opicéd knowledge they
allow to infer.

We characterize the effect of bridge rules in any distriddtdoox, in two steps: first
we characterize the mappings of a simple DTB of the fdffin 72, B12), composed
of two T-boxes7; and7; and a set of bridge rule€® > from 7; to 7. This allows us
to define an operatdB;,(.) that encodes the propagation of knowledge provided by
B12. Following [13], the axiomatization of the general c&e-= ({7;}:cs,B) can be
obtained as a fixed-point application of the operatBis for eachi # j € I. This
methodology is standard, and is not included here for lacpate.

The first effect of mappings is a general property which adldavidentify the on-
tologies affected by given mappings. This property stdtasd mapping from a T-box
7, to a T-box7; only affects the target ontolod:

Proposition 1. (77,75,%B12) E1: X CYifandonlyif7; E X CY.

The proof of this property is a trivial generalization of thee contained in [13]. Ac-
cording to Proposition 1 mappings go from a source ontology target ontology, and
support knowledge propagation in this direction only.



In addition to this property, the effects of the bridge rulesoduced in this paper
can be divided in three main classes: (i) Propagation ofdtheept hierarchy; (ii) Prop-
agation of the role hierarchy and of certain role properties! (iii) Propagation of the
role domain and of the range restriction. In the remaininghefsection we describe
these three forms of effects in detail.

4.1 Propagation of the concept hierarchy

The propagation of the concept hierarchy is forced by mappbetween concepts and
is widely described in [13]. It is summarized by the followiaperator
T |: AC UZ:1 B,
612(71)={GEUZ’_1Hk 1: A i2:Ge‘B12, }
1:By =52:H, € B, forl <k <n
whereA, G, B, andHj, are concepts. The simplest version of this operator stasd &t

7. E A C B and if the mappings : A . 9:Gandl: B =2 H hold between
7, and7,, thenG C H is added tdls.

4.2 Propagation of the role hierarchy and of role properties

The first effect of mappings between roles concern the pratpagof the role hierarchy.
Let us start with an example: Suppose that ontolOgycontains the role axioms

IsTheBossOf = HasBoss™ (1)
IsTheBossOf C WorksWith (2)
WorksWith = WorksWith™ 3)

Suppose also that ontolo@¥: contains the rolésSecretaryOf, representing the relation
between the secretary and his/her boss, and theknodevs TheNameOf representing
the relations between two persons where the first knows tine wathe second. Assume
now that the roles of; andO, are connected by the following mappings

O : HasBoss =, Os : IsTheSecretaryOf 4
O : WorkWith —=» O, : KnowsTheNameOf (5)

In this scenario we expect to be able to infera the axiomlsTheSecretaryOf C
KnowsTheNameOf about the role hierarchy. In fact, if is the secretary of, then by
mapping (4)y is the boss of. Using the role hierarchy i®;, and in particular the fact
(2), = works withy, which means that knows the name of because of mapping (5).
More in general, we can say thatifC S is a fact of the T-bo¥/;, then the effect of
the bridge rules? : 1 279 andS : 1 £ U:2isthatT' C U andT~ C U~ are
also facts in7;. Formally, we describe this effect by means of the followipgrator:

7, =RLCS,
Ry (T1) = {T(‘)EU(_) 1:R —=52:T € By, }
1:S£>2:U€%12



where each?, T and S, U is either a role or an inverse role, and the notafidn) C
U(=) denotes eithef C U or7T- C U~

Additional effects of mappings between roles concern tbpgagation of the proper-
ties of relations across different ontologies. Let us adesiirst the property of symme-

try. If Ris a symmetric relation arsymm(R) € 77, then the mappings: R E.9.5

andl : R = 2 : S force S also to be a symmetric relation ifp. This effect is al-
ready described by the operaf8i, defined above. In fadymm(R) is equivalent to
R C R™, and usingR,, with the two bridge rules betweeR and S above, one can
infer S C S~ which states the symmetry 6fin 75. If R is a transitive relation iy,

then the mappings : R £.2:5andl: R = 2: S alone do not forcé to be tran-
sitive in7,, and additional constraints are needed to enforce it. Sirecpropagation of
transitivity seems a very intuitive requirement we are adgrsng appropriate restric-
tions of the domain relation in order to obtain it from thedge rules above. Finally,
note that if the languages @i and7; support the role union operator, then we obtain
an extra propagation effect which is the analogous of theigérconcept propagation

rule. Suppose thaf; = R C S; U ---U.S,, then the mappings : R = 2. T and
1:5; .9, Uy for1 < k < nimpose thafl’ C U; U --- LU U, holds in7s.

4.3 Propagation of the role domain and of the range restricton

The simplest effect of the combination of mappings betwexdesrand mappings be-
tween concepts is the propagation of domain and rangeatstri Again, consider an
example obtained by extending the scenario presented alithvéhe axiom

JHasBoss. T C Subaltern (6)

in ontologyO, and the following mapping between concepts to the set of mgpp

O : Subaltern =R Os : Employee @)

In this case we expect that the subsumpfiteT heSecretaryOf ~. T C Employee holds
in O2. Indeed, ifz is the secretary of, then by mapping (4y is the boss of:, and by
axiom (6)x is a subaltern. Thus, mapping (7) tells us thas an employee.

More in general, if we assume thBbmain(R) C C (resp.Range(R) C C)is a
factin77, then the mappings: R = 2:Sandl:C —=+2:D forceDomain(S) C

D (resp.Range(S) C D) in 7. The formalization of this effect is described b37 the
operatorgii,:

Ty = 3R (8-, An) T (U, Br).
1:R =22:5€ Bqa,

1:A, 522:GpeBraforl <h<p
1:By =>2:H, € Bro,forl <k<m

CR12(T1) = IS (=L, Gn) T (U, Hr)

where A;,, G}, B, and Hy, are concepts, an& and S are roles or inverse roles. As
before the notatiol(~) and.S(~) stands for eitheR andS, or their inverse.

Notice that, range and domain propagation is a special dabe propagation for-
malized by€R,,. IndeedDomain(R) C C, corresponds to the axioBR.T C C. By



consideringg = 0,n = 1, H; = C, and the mapping : C =, 2: D we can obtain
3S5.T C D from 3R.T C C. 2 Similarly, the statemerRange(R) C C is equivalent to
the axiomsdR~ C C and itis translated intdS— C D by the€R,, operator.

4.4 Soundness and completeness

In this section we extend the proof given in [14] to consideddpe rules on roles, and
their combined effect with bridge rules on concepBiven a set of bridge rule®,
from DL, to DL,, we have defined three different operators taking as inpdbaxTin
DL; and producing a T-box i L,. For the sake of presentation we assume that the
setB, is closed under the operator of role inverse. That is, fohéato or onto bridge
rule between roles of the forin: R —— 2 : T', we assume that the corresponding into
or onto bridge ruld : R~ —— 2 : T~ also belongs t®,. This allows us to drop the
(=) notation in the bridge rules.

Given a set of bridge rule®, from DL, to DL,, the operatofB,(-), taking as
input a T-box iNDL; and producing a T-box i Ly, is defined a®85(-) = €;2(-) U
Riz() U Ria(1)

Theorem 1. Let %15 = (T7,73,%B12) be a distributed T-box. wherg, and 7; are
expressed idHZ Q descriptive language. Then:

T E2:XCY e HUBLT)EXCY (8)

Proof (of Theorem 1)As far as the soundness, it is enough to prove thathf ¥ =
(T1,72,B12), thenZy = B12(7;). Suppose that C H; U--- U H,, € €5, then there

is a mappingl : A = 9. G, andn mappingsl : By £ Hy. If z € G*2,
then by satisfiability of the onto-mapping theregisc A7t with (y,x) € r12. The
fact7; = A C B, U---U B, implies thaty € Bfl for somek, and by the into-
mapping,z € Hy, and therefore irff; Ll - - - U H,,. Analogous reasoning can be done
for proving the soundness 8%, (77 ). Finally, suppose thatS.—-G C H € ¢R;, with
G = UW_,GyandH = U Hy. If x € (35.-G)*2, then there is an’ such that
(z,2') € S2, and by the onto-mappingy, y’) € R for with (y, ), (v/,2') € 712.
By the into mappings we have thatZ A7, and since7; = IR.—~A C B, we have
thaty’ € BZ . This implies that’ € H”z.

To prove completeness, the contrapositive is proved; It B12(71) £ X C Y
then there exists a distributed interpretatibsuch thatt,, £ 2: X C Y.

LetZ, be an interpretation df; U 9B15(77) such thatZ, = X C Y. The rest of the
proof is devoted to the construction of an interpretatigrand a domain relation; ,
such that(Z,,Z,, r12) is a distributed interpretatioh such thati = %15, andJ £~ 2 :
XCY.

Let 3 be a concept-onto-concept bridge rule of the fdrmA 2.0 Starting
from Z, and, we define an interpretatidfy, and a domain relatior as follows: for

2-%_, G, is equivalent to~_L which is equivalent tor
3 The concept of disjoint union of (distributed) interpretations used in thefgiis introduced
and studied in [14].



everyd € G*2, let us consider all the possible concept-into-conceptgerirulesl :
By, £E.9. Hj in 98, and indicate wittH = {H,, ..., H, } the set of all subsequents
Hy. such thatl ¢ H,?, and withB = { By, ..., B, } the set of all antecede; of the
bridge rulesl : By ENOE H;. such thatH,, belongs toH. Intuitively the formulas
Hj € H are the ones such thda = G C |_|Hk€H H,, does not hold. This means that,
T - AC g, cp Br LetIg as a model off; which satisficdas the tree model pdropérty
such thatZ} b= A C | |, . Bx- Letd be the object imA” such that’ € A% and
d ¢ (g, e By, . We definer§ as the paird’, d).

Let 5 be a role-onto-role bridge rule of the form: R ERE T, and letd =
(dy,ds) be apairinl?z. LetU = {Uy, ... Uy} be the set of all/; such thatl : Sy £
2 : Uy is a role-into-role bridge rule an@l;, ds) ¢ Ulj’?, andS = {S,...5x} the
set of the corresponding antecedents. Let @se= {G; ...G,} be the set of all7;
such thatl : Ay NP G, is a concept-into bridge rule anty ¢ sz (and thus
dy € IT.-G7?) and letA = {4, ... A;} be the set of the corresponding antecedent .
Finally, letH = {H,, ..., H:} be the set of concepf§;, such thatl : By, E,9. H,
is a concept-into-concept bridge rule ahd¢ H,f?, and letB = {By, ..., B;} the set
of corresponding antecedents. B B

This implies that there is a mod&lj of 7; such thatZ§ = R C S;, for all
S; € S, andZ? [~ IRy, cp Ak E Lp, e B Let us indicate with(d/, db) €

_ _ — d
AT x A5 a pair such that{d}, dy) € R%5 and (d], h) & S;.Zﬂ for all S; € S;

anddj € (3R.=[4, ca A% andd] ¢ (s, B Bi)%5, We definerd as the set

{<dll7 d1> ) <d/27 d2>}'
We defin€eZ; as the disjoint union of the following two models

d,d’
Y . W
1:A—=2:G 1:R—=2:S
1:4 2 2.6em, 1:R 2 5:GemB,
aeCT2 (d,d') €572

andry is the disjoint union of the following two relations

d,d
R g
1:A=2:G 1:R—=2:S
1:A—;~>2:G’€‘312 I:R—%S:GG‘Blz
4 G2 (a,d’y €572

The last step is verify that the distributed interpretati@h, Z-, r12) we have con-
structed satisfieS.

T-boxes 7, = 75 by definition,Z; = T3, as eaclfg andIéd’d') modelsT;.

Onto-bridge rules Lets’ = 1: X =, 2. Y be some onto-rule. By construction,
there is interpretatiofi; such thatrs (X*#') O Y*2. SinceA™ = |3, A*#, and
r12(AT) contains{ﬂﬁ(rg(AIﬂ)) by construction, we have the desired result.

4 This exists sinc&HZ Q satisfies the tree model property.



Into-bridge rules B** = | ; B¢, By construction, for eaci, r3(B*#) C H** and
thereforel J; 75(B*7) C H*>. Which implies that15(B*#) C H”>.

5 A distributed tableaux algorithm for DDL

In this section we use the previous theoretical resultsfinela tableaux-based decision
procedure for¥ | ¢ : X C Y, for the case of simple distributed T-boxes of the
form (71, 72,%B12). The generalization to the case of general acyclic DTBsnislai

to the one presented in [13], while to prevent the infinitepiog due to the possible
cycles in the mappings, we require that all tb&ab procedures are named with a
unique identifier. Intuitively, the identifiers are used & sub-requests (subsumption
or instantiation) and are necessary to check if a certainesty after traversing the
distributed knowledge base via mappings, returns backetinitial tableau, and needs
to be blocked. With no loss of generality we can also assumigthie consequences of
bridge rules are atomit: In addition we use the usual notion of axiom internalizatio
asin [9]: given a T-bo¥;, the concepC7; is defined a&'r, = [, pe,, ~EUD; also,
the role hierarchyRz, contains the role axioms @f;, plus additional axiom$ C U,
for each roleP of 7;, with U some fresh role.

We follow the approach proposed in [13]. The key idea is tédoaidecision proce-
dure which is distributed among the different ontologiex] aombines local decision
procedures, that is, procedures for testing the satisfiabil concept expressions, in
specific ontologies. More in detail, the algorithm for tegtj-satisfiability of a concept
expressionX (i.e., checking® k. j : X C 1) builds, as usual, a finite represen-
tation of a distributed interpretatidi by running localautonomousSHZ Q tableaux
procedures to find each local interpretatigrof J.

Definition 8. The functionDTab, takes as input a concept and tries to build a
representation off, with X7 #£ () (called acompletion treg9]) for the concept
X N Cg, MYU.Cr,, using theSHZQ expansion rules, w.r.t. the role hierarctRy,,

plus the “bridge” expansion rules described in Figure 1.

The idea of these rules is inspired by the correspondingadpesintroduced in Sec-
tion 4.4. Rule Unsa€,, corresponds to the operair.(-), and was first introduced in
[13]. The idea behind this rule is that whene@fab, encounters a node that con-
tains a labelz which is a consequence of a concept-onto-concept bridge then if
G C UH is entailed by the bridge rules, the labhdlH, is added tar. To determine if
G C UH is entailed by the bridge rules iB,5, DTab, invokesDTab; on the satisfi-
ability of the conceptd M —(LB). DTab; will build (independently fronDTab,) an
interpretatioriZ;, in a manner similar to the one illustrated in Figure 2.

Rule UnsatR;, corresponds to the operat®r»(-). The idea behind this rule is that
wheneveiDTab, encounters a node with a T-neighboury, andT is a consequence

of a role-onto-role bridge rulé : R = 9T , then if 7" C U is entailed by the
bridge rulesy is also alU-neighbour ofz. To determine ifl’ C U is entailed by the
bridge rulesik,,, we simply check ifS C R belongs to the role hierarchy @i for all

5 Non atomic mappings can easily be modeled by introducing names for ttiyaleo concepts.



Unsat€»-rule
ifl. GeL(x),1:A—=2:G € B, and
2. IsSat (A —||B’) = False for someH’ ¢ L(x),
then L(z) — L(z) U {|H'}

New-€;5-rule
ifl. GeL(x),1:A—=2:G € B, and

2.BC{B|l:B-=52:H¢e %B,} and
3. fornoB’ C BislsSat (A —||B’) = Falsg and
4. fornoB’ D BislsSai(A M —||B’) = True,
then ifDTab; (A M —|_|B) = Satisfiable
thenlsSat{ (AN —| |B) = True
elselsSa{(AM—| |B) = False

UnsatR2-rule
if 1. yis aT-neighbourofr,1: R = 2:T € By, and

2. RCS€Rp Withl: S -=+2:U € B,
then y is aU-neighbour ofx

Unsat&R»-rule
if 1. yisaS-neighbourofc ,1: R —= 2: S € B1a, -UJG C L(y)an
2. IsSat (3R.~|J A M~ ||B’) = False for someH’ Z £L(z),
then £(z) — L(z) U {|H'}

New-CR12-rule
if 1. yisasS-neighbourofr,1: R —=,2:5 € By, and
2.AC{A]l1:A-52:G e Band-G € L(y)}, and
3.BC{B|l:B-—=>2:H¢e B} and
3. fornoB’ C BislsSat (3R.—~|JA M —||B’) = False and
4. fornoB’ D BislsSat(3R.~|JA N~ |B’) = True,
then ifDTab: (3R.—~|J A N —||B) = Satisfiable
thenlsSai (3R.—~|JA M —||B) = True
elselsSat (3R.—~(JA N —| |B) = False

Fig. 1. Additional expansion rules fddTab,

role-into-role bridge rules : S .9, U € B1,. This becaus&HZ Q does not allow
any reasoning on roles.

Rule Unsat€fR,, corresponds to the operat®i;»(-). The idea behind this rule is
that wheneveDTab, encounters a nodewith a.S-neighboury, andS is a consequence

of a role-onto-role bridge rulé : R =2 S, then if y contains a labehG; which
is a consequence of a concept-into-concept bridge rule,ith#. -G C H is entailed
by the bridge rules, the labél, is added tar. To determine i5S.G C H is entailed
by the bridge rulesB,,, DTab, invokesDTab; on the satisfiability of the concept
JR.—- AN -B. DTab; will build (independently fronDTab,) an interpretatiort, in a
manner similar to the construction illustrated in Figure 2.

To avoid redundant call§Tab, caches the calls t©Tab; in a data structurksSat,
which caches the subsumption propagations that have begputed so far.



Theorem 2 (Termination,Soundness, and completeness). Ddg X ) terminates, and
2: X is satisfiable in%,, if and only if DTab,(X') can generate a complete and clash-
free completion tree.

Example 1.To clarify how the distributed tableaux works let us consitltee DTBox
%12 = (T1, T2, B12) whereT; contains the axiomsR.—A; C By and3R.—Ay C B,
7, does not contain any axiom, af » contains the following bridge rules:

1:R=22:5 9)
1:4, =2:G4 (10) 1:B, = 2:H (12)
1: Ay =52: Gy (11) 1:By =2:H,  (13)

Letus showthafis =4 2 : 3S.—(G1UG2) C HiMH,, i.e. that for any distributed
interpretatiord = (Z1,Z, r12), (3S.~(G1 U Ga))*2 C (Hy M Hy)®2.

1. Suppose that by contradiction there isa@ A, such that: € (35.-(G1 LIG))?2
andz ¢ (Hl [ HQ)IQ.

2. Then there exists @ such that(z,y) € S™ andy ¢ G2,y ¢ G2, and either
¢ H? orx ¢ HP2.

3. Because of the bridge rule (9) there is a gairy’) € A; suchthatriz(x’), r12(y)) =
(z,) and(a’,1/) € R,

4. Let us consider the case wherez HII? From the fact thay ¢ G?, then by the
bridge rule (10)y’ ¢ A%,

5. SincedR.—A; C By is an axiom of7y, theny’ € Bfl, and by bridge rule (12)
y € Hy*. But this is a contradiction.

6. The case where ¢ H212 is analogous and we can conclude that =4 2 :
35.-(G1 UG2) C Hy M Ho.

The above reasoning can be seen as a combination of a tabl@awith a tableau
in 77. In Figure 2 we depict the construction of a tableauZemwhere dotted arrow
lines represent the evolution of the tree while solid lireggresent connections between
neighbouring nodes. For the sake of space we depict onlyathleguTab; (—B; M
JR.—A;). The tableadlab; (—B; M 3R.—Az) is analogous.

6 Related Work

The semantics of mappings proposed in this paper is in litte the semantic of map-
pings between relations proposed by Calvanese et al. inff.only difference be-
tween our approach is that DDL admits multiple domains cotetevia domain rela-
tions rather than a single domain.

Role mappings can be encoded also in a unique top globalagytolo encode
the semantics of role-mappings with heterogeneous doramneeds to index each
concept and role with the T-box it comes from, add conceptdoimal domains, and
introduce a rol&?, , representing the domain relation from T-box 1 to T-box 2. ifile-

mappingl : R £, 9. S can be encoded with the role-axiom$, o Ry o Ria T So.



Tabs(35.(~G1 M =Ga) M (—Hy U ~H))

Tab; (~By M 3R.~A;)

Q:II
2:y

Y

Q:II
2:y.

2: 2 ¢5H,
S
2:y —G1, G2 ,/
7

! s
\ 7’
\N__~

2: 2 @ 38.(=Gy M—Ga) N (~Hy U—Hy)

2.2 & 35.(~G1 M ~Ga), (~H1 U ~ID)

-Hy U—-Hy
S
=G M =Ga s

-HiU-Hy 7
S /

’
.2G1,2Ga /

Bio /
7

s ,
o ,
// 2:x -Hsy ,
’
, .
, S5
2:y & =G1,-G2

CLASH by applying bridge
rules (9), (10) and (12
and tableauTab;(—=B: N
JR.-A;)

CLASH by applying bridge
rules (9), (11) and (13)
and tableauTab;(—B; N
JR.~Az2)

y‘ -B1MN3R.-A;,YR.A1 UB;

1:2’.é.-B1,3R.~A1,VR.A1 U B,

’ l//m' f‘ﬁBl,EIR.ﬁAl,VR..% 1:2'% =B;,3R.-Ay, By

/ :
, f CLASH
Bz,
1T -B
/ R
1: ?/ —AL, Ay
CLASH

Fig. 2. An illustration of distributed tableaux for computation of DDL subsumption.

Similarly the onto mapping : R 9. S is encoded withf; T Rj, 0 Ry o Ry2. The
main drawback of this translation is that it is based on relegosition, which in the
general case is undecidable.

The formalism of£-connections, proposed by Wolter et. al in, e.g., [10] aflow
to express mappings between concepts in different DL-bastmlogies. To express
mappings between roles in the formalism&ftonnections we need to consider the
operator of role composition. Indeed, if we consider thaglation of DDL into&-
connections proposed by [8], the translation of bridgesatakes explicit the domain
relationr;; in the syntax o€-connections via a corresponding role, g&y. Using this
role, they propose to translate onto and into bridge ruled as vR;;.3 respectively
B C 3JR;;.A. The semantic of mappings between roles cannot directipdeged in
£-connection since there are no construct to state isarblgraf £-roles.

In comparing the formal setting described in this paper witiology matching
system such as Ontology Mapping Tool OMEN [12], we can say t& inferences
supported by the bridge operatag, %;; and€;; allow to justify and explain, from
a theoretical perspective, the heuristics inference iniegemented in such system. As
an example, consider the following heuristic implemene®MEN: If OMEN find
that the concept€’; and D, are the domain and range &fin O, andCs and D, are
the domain and range df in O, then the fact that OMEN have map§ in C> and
D; in D, is an evidence thaR is mapped inta5. According to the formal semantics
provided in this paper, this inference is justified since donand ranges of roles are
propagated by mappings between roles as explained in 8ektio
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Concluding Remarks

The language, the semantics and the decision procedurenpeesin this paper consti-
tute a genuine contribution in the direction of the inteigrabf heterogeneous ontolo-
gies. The language proposed in this paper makes it possildedctly bind relations
in different ontologies as well as concepts. vice-versa @bmplete characterization
of the logic together with the decision procedure preseimtdie paper make the logic
ready to be implemented in a reasoning system for distriboigologies, implementa-
tion that we leave for future work.
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