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Abstract

&-Connections are a robust framework for combining in a de-
cidable way several families of decidable logics, including
Description Logics (DLs), Modal Logics, and many logics of
time and space&-Connections have also proved to be use-
ful for supporting modular, distributed modeling such as is
becoming common on the Semantic Web. In this paper, we
present an extension &@-Connections of DLs that provides
more flexibility in the way link properties can be defined and
used in a combination of ontologies. We also provide means
for defining transitive relations across domains and for simu-
lating some of the expressivity of the transitive closure oper-
ator. Finally, we provide a tableau-based decision procedure
for two relevant€-Connection languages involving the influ-
ential DLsSHZQ, SHOQ and SHZO, which are at the
basis of the Web Ontology Language (OWL)

Motivation

For many years, the modal logic community has pursued
various techniques for robustly combining logics, includ-
ing fusion, fibring and multi-dimensional modal logics. Re-
cently, a striking framework£-Connections (Kutzet al.
2004), has been proposed with a number of desirable prop-
erties. £-Connections provide a framework for combining
in a decidable way several families of decidable logics

Robust decidability is achieved by imposing strong re-
strictions in the way the logics can be combined. For exam-
ple, in the case of -Connections of DLs, each component is
strictly disjoint from all the others and interpreted in a dis-
joint domain. Each component can contéirk properties
which connect individuals in one domain with individuals
in another. Classes in a component can be built up out of
restrictions on link properties. These restrictions turn out to
work well for a number of modeling situations.

However, there are further restrictions imposed by the
original £-Connections framework that do inhibit useful
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modeling and turn out to be inessential, at least in combi-
nations involving only DLs.

In this paper, we provide syntax, semantics, and a de-
cision procedure for extendegtConnections of the logics
SHZQ, SHOQ andSHZO (Horrocks, Sattler, & Tobies
2000) (Horrocks & Sattler 2001), in which some impor-
tant constraints in the way link properties can be defined
and used are lifted. Such an extension provides modeling
benefits in relevant applications of DLs, such as Semantic
Web (Cuenca-Grau, Parsia, & Sirin 2005) as well as Knowl-
edge Representation in biological, medical and manufactur-
ing domains, in which partinomy relations are crucial.

Overview of the Extensions

Link Properties Defined in and Pointing to
Multiple Ontologies

Suppose we are building a KB with information about peo-
ple, pets and leisure activities, which includes the following
axioms:

Lover = Person M dloves.Person
PetLover = Person M dloves. Pet
UnfriendlyPet = Pet M —(3loves.Person)
FilmLover = Person M dloves.Cinema

For modularity reasons, we would like to us®&
Connections to represent the knowledge about people, pets
and leisure activities into distinct, yet connected, compo-
nents, sayC;, Ko and Ks respectively. However, although
the separation seems natural (the domains modeled by the
different components are disjoint), the current formalism
does not allow to represent such a combination, since:

e A link property cannot be defined in two different com-
ponents, i.e. the propertgvescannot be used ift; and
IC, at the same time for defining, for examplepet lover
and arunfriendly pet. On the other hand, it is not possible
to define in a certain component a link property pointing
to several different domains, i.e. we cannot us&irthe
link propertylovesto definepet loverandfilm lover, since
the conceptpet and cinemabelong to different compo-
nents of theg-Connection.

e The same property cannot be defined both as a role and

a link property. In other words, we cannot use the same
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propertylovesto represent the relation of a person loving We would like to useE-Connections to represent the
another person and of a person loving a pet. knowledge on wineries and the knowledge about regions
in different components, saif; and I, respectively. In
such a representation, the two components would be con-
nected by the propertipcatedin. Howeverg-Connection

do not allow to define a link property to be transitive and the
KBs could not be separated without losing the entailment
RiojaWinery C AlocatedIn.SpainRegion. We propose

to extend the€-Connections formalism with a new kind of
axiom which “points out” in which cases a property must be
interpreted as a transitive relation. In the example above, we
could split the knowledge as follows:

In each of these cases, the current framework would either
force us to coin new properties or to merge different com-
ponents. The former would result in an unnecessary pro-
liferation of properties, while the latter constrains the way
knowledge can be modularized. These limitations constrain
the flexibility of the formalism from a modeling perspective.

The main idea of the extension presented here is to explic-
itly point out the target domain of a property whenever it is
used in a certain component. For exampleinwe would
define:

Lover = Person M 3loves™). Person ) Ky : RiojaWigLery C ,

PetLover = Person M 3loves® . Pet Wme?‘!_/ r Hloca_tedln( ).RzgjaReg.zon
FilmLover = Person M 3loves® .Cinema Ks : RiojaRegion C SpanishRegion
) _ Trans(locatedIn; (1,2),(2,2))

A concept like 3lovesV) . Person, when used ink;, 3 _ _
would represent the set of people who love a person (i.e, Intuitively the last axiom states that, far,y,z arbi-
here the property would be acting as a role). However, when trary regions andv an arbitrary winery, ifocatedIn(w, x)

used inkCy: and locatedIn(x,y), then a reasoner should infer that
. locatedIn(w,y) holds. Analogously, iflocatedIn(x,y)
. 1 bl 9 e
Un friendlyPet = Pet N =(3loves™. Person) andlocatedIn(y, z) then we can concludecatedin(z, z).
the concept would represent the set of pets who love a The numbers in the transitivity axiom, analogously to the
person (i.e.Joveswould act as a link property front, to superscripts in link properties, refer to components otthe

K1). Hence, the way a property is interpreted depends on Connection. A formal semantics for transitivity assertions
the component it is used and on its explicit superscript. Note their most general form will be provided later.

that, since the disjointness between the interpretation do- Controlling transitivity ~ Suppose that in a DL KB the re-

mains of different components is preserved, the logical inter- |ation partOf is defined to be transitive. Suppose that we
pretation of a property’ used in/C; when its target domain have the following ABox:

is IC; is disjoint with the interpretation of the same property

when used irkC;, pointing tokC,,, (for eitherk # i orj # m). Person(joe); Finger(joeFinger); Hand(joeHand);

The actual interpretation aP in the £-Connection would ResearchLab(lab); University(univ);

then be the (disjoint) union of its interpretation in each of its  partO f (joeFinger, joeHand); partO f (joe Hand, joe);
different “contexts” (see Equation 1 in Definition 1). partO f(joe,lab); partO f (lab, univ);

Transitive Relations in £-Connections A DL reasoner would not only infer that Joe’s finger is a

. . part of Joe and that Joe is a partuwfiv, but also that Joe’s
We propose an extension §fConnections that allows to finger and hand are a part of boib and univ. In DLs
define transitive relations across domains. The advantages,iih transitive roles, it is not possible to keep the desired

of our approach are the following: entailments while ruling out the undesirable ones without

1. It provides a fine-grained control over the entailments Coining a new property that would replapartOf in some
caused by the transitivity of a relation. In such a frame- Cases.

work it is possible to “switch on and off” transitivity Suppose now tha}t we use gfnConnection. A compo-
when moving from one component to another within an nentXC; would contain information about human body parts,
&-Connection such as hand and finger; a second compoiigrwould rep-

resent information about people, such as Joe, and finally a
third componen#C; would model the domain of academic
institutions, such as research labs and universities. Then,
the propertypartOf is defined as a role ifC; relating dif-
Combining Ontologies using transitive Link Properties ferent body parts, a link property froid; to I, relating
Transitive roles are a key component of modern DL lan- body parts to persons, a link property frdta to /Cs relat-
guages (Sattler 1996),(Horrocks, Sattler, & Tobies 2000), ing people to institutions and a role ks, relating institu-
since they provide a key expressivity for many applications tions to other institutions. In order to rule out the undesired
at a “low” computational cost. When a role is defined to be entailments, we must distinguish two differemnsitivity
transitive, it is interpreted as a transitive relation. For exam- chains: the first one would propagate transitivity wittin

2. It allows to reproduce the expressivity of the transitive
closure operator in many cases without paying a compu-
tational cost

ple, in a KB about wines, if we describeRiojaWineryas and fromK; to Ko, while the second one would propagate
a winery that islocatedInRioja, which is a regiorocate- transitively partOf relations starting inC, and within Cs.
din Spain, and defintocatedinto be transitive, a reasoner  For such a purpose, we introduce in teConnection the
would infer that aRiojaWineryis locatedInSpain. following axioms:
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Trans(partOf; (1,1),(1,2))
Trans(partOf;(2,3),(3,3))

The first axiom allows to infer that Joe’s finger is a part
of Joe, provided that his finger is a part of his hand and his
hand a part of him. Analogously, the second axiom would
entail that Joe is a part afniv, provided that he is a part of
thelab and thdab is a part ofuniv. Please, note that we are
not imposing any transitivity along chains startingdn and
ending inCz. In other words, the above two axioms ai@
equivalent to the following assertion:

Trans(partOf;(1,1),(1,2),(2,3),(3,3))
This allows us to rule out the undesired entailments.

Simulating transitive closure The DL SHOZN pro-
vides powerful means for representing different different
kinds of part-whole relationships, such as transitive and
functional roles, role inversion and role hierarchies. How-
ever, sometimes the expressivity provided¥yOZN does

has a direct part which is an engine; the conjunct
JhasPart® .(IhasPart® . Battery) makes sure that at
least one of the engines of the device has a part which is
a battery. Finally, the transitivity axiom states that, if the
device has a part which is an engine and that engine has a
battery, then such a battery is a part of the device.

However, it is not possible to simulate transitive closure
in all cases. As an example, let us define a queen as follows
(Sattler 1996):

Queen = Woman M YhasChild.(Princess U Prince) I
VhasChild™.Noble

In this case, we cannot separate the concepts into differ-
ent components since queens, princes and princesses are all
nobles.

Syntax and Semantics

In  this section, we define the language

which allows to de-

not suffice. For example, suppose that devices, batteries andCio+ (SHIQ,SHOQ, SHIO), .
engines are disjoint concepts and we want to describe de- 1N€ SHZQ, SHOQ and SHZO KBs and combine them

vices whose parts can only be batteries or engines and suchtSing link properties, which can be applied in existential,

that all their direct parts are engines and must fevé@me
level of decomposition battery. The logiSHOIN does
not provide the expressivity for distinguishing direct from
indirect parts. For such a purpose, a logic includingtan-
sitive closureoperator “” would be required (Sattler 1996).
This operator, when applied to properB; represents the
smallest transitive relation containiri¢ The devices men-
tioned before could be described as follows:

Device MYhasPart. Engine 1 3hasPart™. Battery 11
VhasPart™.(Engine Ll Battery)

Although the transitive closure operator provides key ex-
pressive power for many applications, it's inclusion in a DL
is not without a price, since it complicates its implementa-
tion, increases the computational complexity of a logic and
brings it beyond First Order Logic (Sattler 1996).

Let us consider again the example about devices. Since
devices and batteries are disjoint concepts, we can place

them in different components of afi-Connection. Sup-
pose we represent deviceshi, and we represemnly en-
gines inK, andonly Batteries inKs, i.e. Device € Ky,
Engine € Ko, and Battery € K3, with To = Engine
and T3 = Battery, whereT, and T 3 stand for the univer-
sal concept inC, and/C3 respectively. Then, the following
concept:

Device N =(3hasPart™ . T1) M
—=(3hasPart® . Battery) N 3hasPart® . Engine N
JhasPart .(3hasPart® . Battery)

Together with the transitivity axiom:
Trans(hasPart; (1,2),(2,3),(2,2))
adequately simulate the effect of transitive clo-
sure.  The conjuncts—(3hasPart® . Battery) and
—(3hasPart™).T;) ensure that the device does not

have a direct part that imot an engine; the con-
junct 3hasPart® Engine guarantees that the device

universal and number restrictions as well as organized in
hierarchies.

Definition 1 (C5, o+ (SHZQ, SHOQ, SHZO) Syntax and
Semantics)

Let {mq,mq,...,m,} be a set of constants where each
my, i = 1,...,n is either equal to0SHZQ', ‘SHOQ' or
‘SHZQO'. These indexes indicate the logic in which each
componentis written.Fare {1,2,...,n} andj € {1,...,n}
let V5, V™" be disjoint sets of concept and individual
names respectively. LeI;i be sets of property hames, not
necessarily pair-wise disjoint, but disjoint with respect to
the other sets of names. Farj = 1,...,n, the setp;; of
ij-properties is defined as follows:

e Ifi=jandm; € {{SHIQ' ‘SHIO'}, thenp;; = €5 U
{Inv(Pyy)|P € €57} It m; = ‘SHOQ, pij = €}t

o If¢ 7£ 7 thenpij = 6:?‘

For Py, P», P € p;;, an ij-property axiom is an assertion
of the formP; C P». An ij-property boxR;; is a finite set of
ij-property axioms. A transitivity axiom is of the form:

Trans(P; (i1,71); -, (ip, Jp))
where P must be defined in eachegf vk =1,...,p. We

)

say thatP is transitive for(iy, j1), ..., (ip, jp) The combined
property boxR contains each of the property boxes plus all
transitivity axioms. An ij-propertyP is called simple if for
C* the transitive reflexive closure of on®;;, and for each

S € pij, S CT* Pimplies thatS is not transitive in(s, j) for
any transitivity axiom.

The sets of i-concepts are defined by simultaneous in-
duction as the smallest sets such that each concept name
A € Vg“ and T;, are i-concepts and, foo € V,’;’“ for
m; € {{SHOQ', ‘SHIO'}, P, S € p;j, S simple and such
that, if i = j, thenm,; € {{SHZIQ', ‘SHOQ'}, C,C1,C,
i-concepts, and a j-concept, the constructions shown in
Figure 1 are also valid i-concepts.
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Syntax and Semantics

Aevii; AM Ccw;
Ti t=W;
L=
P e pij ; PMi C Wy x W,
(Inv(Qn)™Mii = {(=,y) € 0 x O;](y,x) € QMii}

{o}™Mi C Wi, [{o}™Mi]l =1
(~O)Mi = w, /cMi

(¢ nDyMi = cMinpMi

(CuD)Mi = cMiy DM

BPD . 2)Mi = [z € W;|3y € Wy, (z,y) € PMid ye 25}
(VPD . 2)Mi = {w € Wi|vy € W, (z,y) € PMis — y € zMi}

(= nSW.2)Mi = {z € Wi, |ly € Wy, (z,y) € S™id,y € ZzMii|| > n}
(£ 8D Z)Mi = {x € Wi, ||y € Wy, (z,y) € SMid,y € ZMid|| <n}

Table 1: Semantics afconcepts

A combined TBox is a tupl€ = (K1, Ko, ..., Ky,) , with
K; the set of assertions of the forth C D, with C, D -
concepts. A combined KB is a pair= (I, ®).

The semantics is given by means of an interpretation:

M = ({M;, h<i<n, {Mijh<ii<n)

Where M; = (W;, M), M;; = (W;, W;, Mii) and
where the interpretation domains are disjoiit’; N W; =
0,Vi#j.LetP € p;, j,..., P € p;, 5, then:

pPM= |4 PMi 1)
k=1,...,p
An i-concepU is interpreted as a subset bf; (see Table
1). An interpretation satisfies an ij-property axidf C P,
iff PlM” - PZM"" and it satisfies the ij-property boR;;

iff it satisfies all the assertions in it. An interpretation sat-

isfies a transitivity axionY'rans(P; (i1, j1), ..., (ip, jp)) iff

(PMiinU...u PMirin) is transitive. Finally, an interpreta-

tion satisfies the combined property bixff it satisfies all

its component property boxes and all its transitivity axioms.

If C, D are i-concepts,M = (C; C Cy) iff C{" C
Oy, and satisfies the combined TBxiff it satisfies all
the axioms in each of its componddit Finally, M = X iff

it satisfies bothC, ® . Ani-concept C is satisfiable w.r.t. a

combined knowledge baikiff there is an interpretation\t
StIM | X, andCM: # (),

Note that Equation 1 establishes that the interpretation of
a property in the€-Connection is obtained as the union of its
interpretation in each of the components of the combination.

A Tableau for C5,o+ (SHIQ, SHOQ, SHZO)

We assume all concepts written in Negation Normal Form
(NNF). To transform an i-concept into NNF, negation is
pushed inwards using De Morgan'’s laws and the following

equivalences:
-3PU).Z =V¥PU) ~Z -vPW) .z =3pPU) ~Z
- <nSW.Z=>(n+1)8Y.Z
->(n+1)8V.Z=<ns0) .7 -(>08U).2) = 1,

Let X be an i-conceptR a combined property box. We
define fori = 1, ..., n, the setsub; (X, ) of i-subconcepts
of X as follows:

o If X € V2", the negation of a concept nanié!",
or a nominal {o}, then sub;(X,R) = {X}, and
subj(X,R) =0,Yj #1i

e If Xis of the form Cy, M Cs, or C; U Cy whereCy andCs
are i-concepts, thesub; (X, R) = {X} U sub;(C1,R) U
sub;(Ca, R), sub;(X,R) = sub;(C1,RN) U sub;(Ca, RN),
Vi #£i

e If X is of the form3P*) . Z, orvP®*) . Z, or < nS*) .z,
or > nS®).Z thensub;(X,R) = {X} U sub;(Z,R);
subj (X, R) = sub;(Z,R),Vj #1i
For X and a combined KB = (K, R), we define, for

1=1,..,n:

closi(X,X) = closi(X,R)U;—; _, closi(Cx;, R)

Where clos;(X,%®) includes both the concepts in
sub;(X, %) and their NNF. The concepCy,, defined
as follows:

Ck, = Nccpex, (-C U D)
verifies thatM |= K; iff M = (T; = Ck;,).

Definition 2 Let X be ani-conceptin NNF, and = (K, )

a combined knowledge base.cAmbined tableau/” for X
wrt Yisatuple? = ({0;},{Li}, {j}),5,5 =1,....n,
where O; is a set of individualsL; : O; — 2¢losi(X.%)
maps each individual to a set of conceptscins;(X, X),
anda;; : pi; — 29:X9 maps each ij-property to a set of
pairs of individuals.

There must exist: individuals o, € O, such that
{X,Ck,} € Ly(op) if p=iand{Ck,} C Ly(op) oth-
erwise,Vp = 1,...,n. Furthermore,Vp = 1,...,n and
Vs € Op, thenCx, € Ly(s).

Forall ¢ = 1,...,n;5 = 1,...,n, all s € O;,t €
Oj,u € O, C,D € clos;(X,%), P,S,P,P, € p;j,Z €
clos;j(X, %), S simple and:

Sg(s,C’) ={t € Oj|(s,t) € a;;(S),and C € L;(t)}
the following conditions hold:

1. IfC € Li(s), then—C ¢ L;(s)

2. If(CnD)e Lis),thenC € L;(s),andD € L;(s)

. If(CuD)e Li(s), thenC € L;(s), or D € L;(s)

L NfYPY.Z € Li(s), and(s,t) € a;;(P), thenZ € L;(t)

. 1f3PY).Z € L;(s), then there is somee O; such that
(s,t) € oy (P), andC € L;(t)

A (st) € i (P), (tbu) € a(P) and
Trans(P;...(4,7), ..., (4, k), ...) € R, then
(S7t) € aik’(P)

7. If (s,t) € a;;(P1) and (Py C* Py) € Ry, then(s,t) €

Qg Pg
8. If (< nSYW.Z) € Li(s), then||(S5(s, 2))|| < n

9. If (> nSYW.Z) € Li(s), then||(55(s, 2))|| > n

g b~ W

»
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10. If{(>nSYW.Z), (< nSYW.Z)} N L;(s) # 0, and(s,t) €
Oéij(P), then{C’, ~ C} n Lj(t> 7é (Z)
11. (s,t) € a4 (P) iff (¢, 5) € aj;(Inv(Py;))
12. If{o} € L;(s) N L;(t), thens = ¢
Lemma 1 Ani-concept X in NNF is satisfiable w.r.t. a com-
bined KBY = (K, R) iff X has a combined tableau w.r..
3.

Detailed proofs for all the results presented in this paper
are available onliné

A Tableau Algorithm for
0+ (SHIQ,SHOQ,SHIO)

Let ¥ = (K,R) be a combined KB and an i-concept
written in NNF. A combined completion graphg for X
w.r.t. X is defined such that it contains kinds of nodes,
calledi-nodesi = 1, ..., n.An i-nodez is labeled with a set:
Li(x) C closi(X,2) U {1 (PY, {o})}
for P € py;, ando € V;™}. For eacho € V™, with
m; € {{SHOQ',‘SHIO'}, there is a distinguished i-node
xo, With {0} € L;(z,). We keep track of inequalities be-
tween nodes using symmetric binary relationsb#ps

Edges< z,y >, wherex is an i-node ang a j-node are
labeled with a sef.(< z,y >). We usel (PY), {o}) €
L;(y) to represent a®/)-labeled edge from the i-nodgto
the distinguished j-node,.

If the i-nodex is connected by an edge x,y > to the
j-nodey, theny is asuccessoof x andx is apredecessor
of y. Ancestoris the transitive closure of predecessor. A
j-nodey is a PY)-successor of airhodez if, for some P’
with P’ C* PU) in R;;, eithery is a successor aof and
P'U) e L(< z,y >)or (] P9 {o}) € Li(x) andy = x,.

A j-nodey is a P\Y)-neighbor of an-nodez if either y is a
successor of andPY) ¢ L(< z,y >), orif y is a prede-
cessor oft andInv(P;;)) € L(< y,z >). Aj-nodey is a

P-ancestor of an i-node X, if y,x are connected by a chain of

nodesy, z1, ..., zp, ¢ such thatz;, is a P-successor af;_1,
vk = 1,..,p. If an edge isnot added by the-~ TRANS
rule it is called a direct edgeé We define direct successor

An i-node is indirectly blocked iff one of its ancestors is
blocked. For ani-nodez, L;(x) contains alashiff, either
of the following conditions holds:

i {Av _‘A} - Lz('r)

e For somei-concept C, withm; € {{SHZQ', ‘SHOQ'},
someij-Property S, withi = j, and somer € R, (<
nSW.C) € L;(z) and there arén + 1) S)-neighbors
Yo, ---, yn Of 2 such thatlC' € L;(yx) andyy #; yi, for all
0<k<l<n

e Forsome{o} € L;(x),r #; =

The graphg is clash-freeiff none of its nodes contains
a clash and it icompleteiff none of the expansion rules is
applicable.

For an inputX, ¥ (X an i-concept), the algorithm starts
with n nodesz;, j = 1,...,n with z; a j-node z with
Li(x)={X}ifi=jandL,;(z) =0if ¢ # j. The algo-
rithm also creates = )", [V;™| nodes,, , ..., z,, With
Li(w,;) = {{o;}},Yo; € V;"". Finally, the#; relations are
initialized to the empty relation.

In DLs, transitivity is typically handled by using they+
rule (Horrocks, Sattler, & Tobies 2000), which propagates
universal restrictions across transitive edges. However, such
a rule fails when the transitive relation relates different do-
mains and is replaced by the TRANS rule in Figure
1. Termination, soundness and completeness are a conse-
qguence of the following lemma:

Lemma 2 LetX = (K, R) be a combined knowledge base
the £-connectionC;, . (SHZQ, SHOQ, SHIO) and let
X be ani-concept in the language of th&-connection.
Then:

1. The algorithm terminates when appliedXoand ., and
runs in the worst-case in 2NExpTime w.r.t. the sizeX of
andX

2. The rules can be applied such that they generate a clash-
free and complete grapfi iff X is satisfiable w.r.t:

Note that the tableau algorithms for the logi§%{Z Q,
SHOQ and SHZO also run in 2NExpTime in the worst-
case (see for example (Horrocks, Sattler, & Tobies 2000)),

and direct predecessor analogously. Note that direct succes-5nq hence reasoning with tt&Connections presented in
sors/predecessors are also successors/predecessors accorgﬁs paper is not harder than reasoning with the component

ing to the definition.

An i-node isblockediff it is directly blocked or indirectly
blocked. An i-noder is directly blocked by an i-nodg iff
none of its ancestors is blocked and:

o If zis successor of aj-nodé, with j # 4, y is an ancestor
of z such thatZ; () C L;(y)

e If z is a direct successor of a j-nodé& with j = 4, and:
m; = ‘SHIQ', x has ancestorg’, y, vy’ such that: is a
direct successor af’ andy a direct successor af, and
Li(z) = Li(y), and L;(z') = L;(y), andL(< =’z >
) = L(< ¢,y >), orm; = ‘SHOQ and L;(z) C
L;(y),or m; = ‘SHIO and L;(z) = L;(y).

DLs themselves.

The LanguageCs,,. (SHIQ,SHOQ,SHZO)

The language’s, . (SHIQ,SHOQ,SHZO) allows the
use of inverses of ij-properties relating different domains
and disallows the use of number restrictions on those prop-
erties. The set of ij-properties far # j is the seteg“ U
{Inv(Py)|P € €5} and, if Z is a j-concept, thern>
nPU).Z and< nPU) . Z, for P simple, are valid i-concepts
iff i = jandm; € {{SHIQ, ‘SHOQ'}.

The definition of a combined tableau is analogous to De-
finition 2. With respect to the tableau algorithm, the only

Lhttp://www.mindswap.org/2004/multipleOnt/papers/Extension.p§hange w.r.t. the previous section is the need of a slightly

2An edge is addeaither by a generating rule or by the
TRANS rule

more sophisticated blocking technique. If an i-nadis a
P -successor of a j-nod€, fori # j subset blocking does
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Ce {01,02}

-—— CErule: If Ck, ¢ Li(x),then L;(z) < L;(z) U{Ck,}
transitive for each ofy, z1), (21, 22), ...
with L(< y, z >) = {P¥} if it didn't exist before.

Li(y) — L;j(y) U{Z}

ywith L(< z,y >) = PY) andL;(y) = {Z}

1<k<l<n,Ljys) ={Z}

then:

)L; (yr) = L (yr) U L (y1)

2)Addy #; yi for eachy s.t.y #; i

L(< zyyp >) = L(< z,y >)UL(< z,y1 >)

4)Removey; and all the edges leading to
{Z,~Z}nLj(y) =0, then L;(y) = L;(y)
{0} € Li(2), do:

-— Mrule: If C1 M Cs € Li(z), x is not blocked, andC, Co} N Li(x) =
-— Urule: If C1 UCy € Li(x), z is not blocked, andC1, C2} N Li(x)

-— TRANS rule: If z is ani-node and it has a P-ancesj®uch thatc, y are connected by a chainz1, ...
, (zp—1, 2p), (zp, z) Within a single axiom, then add to the graph the eelgg, = >,

- — VY rule: If vPY.Z ¢ Li(x), x is not indirectly blocked and: has aP)-neighbory with Z ¢ L;(y), then
-— Jrule: If HP(” Z € L;(x), = is notblockedandz has noP'?)-neighbory with {Z} € L;(y) then create a new j-node

-—>rule: If > nSY.C e Li(z), x is not blocked and there are moS‘?)-neighborsy; ,
andyr #; yi, for1 < k < I < n, then createn new j-nodesys, ..

—<rule: If <nSYW . Z e L;(x), z is not indirectly blocked and has+ 1 S)-neighborsyo, ...
each0 < k < n, and there exisk # [ s.t. noty, #; v, for1 < k <1 < n, and if one ofys,y; is distinguished, it ig,

-— choose rule: If {> nSY .z, < nSY . Z} N L;(x) # 0, = is not blocked andy is a SV’ -neighbor ofz, and
U{X}, forsomeX € {Z,~ Z}
-— O rule: If {o} € L;(z), = is neither blocked, nor distinguished, and not#; x,, then forz distinguished with

2)If z has a predecessof, thenL;(z') = L;(z') U {1 (P®,{0})|P® € L(< z’,z >))}
4) Addy #, z for eachy with y #; = and remover and all edges leading to

— L; 33) @] {01,02}

0, then )
= Li(xz) <« Li(z) U {C} for some

L(
0, then

,%Zp, xSt Pis

<oy yn OF 2 With C' € L;(yx),
S Yn With L(< z,y >) = {S(j)} andyx #; yi, for

,yn With Z € L;(y), for

Figure 1: Expansion Rules

not suffice anymore due to the possible presence of inverses.vides support foi€-Connections (Cuenca-Grau, Parsia, &

In such casey is directly blocked by an i-nodg if y is an

ancestor of: such thatl;(z) = L;(y) .
We have not used in this paper the language
Tro+ (SHIQ,SHOQ,SHIO), since in the pres-

ence of inverses and number restrictions on links and
nominals in any of the component logics, the separation

between domains is broken, since nominals can be exported

from one component to another (Kwgzal. 2004).

Conclusion and Future Work

£-Connections provide avell-founded logical framework
for combining logics and KBs, which offers computational

guarantees and modeling guidelines. However, when first

introduced in (Kutzt al. 2004), some important issues were
overlooked.
of the £-Connections formalism that solves some important
limitations of the original framework. We have provided
a tableau-based decision procedure for two extengled
Connection languages involving the logi§%(Z 9, SHOQ
andSHZO, which are at the basis of OWL (Patel-Schneider,
Hayes, & Horrocks 2004).

In the future, we aim to explore up to what extent our

extension can be generalized to Abstract Description Sys-

tems, which involve many families of logical formalisms
other than expressive DLs. Finally, we are planning to im-

plement the decision procedures presented in this paper as

an extension of our DL reasoner Pellet, which already pro-

In this paper, we have presented an extension

Sirin 2004) (Cuenca-Grau, Parsia, & Sirin 2005).
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