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Abstract. Distributed Description Logics (DDL) enable reasoning with
multiple ontologies interconnected by directional semantic mapping, called
bridge rules. Bridge rules map concepts of a source ontology into concepts
of a target ontology. Concept subsumptions of the source ontology can
be propagated according to a propagation pattern expressed by bridge
rules into concept subsumptions of the target ontology. In the basic for-
mulation of DDL such a propagation is mostly limited to cases when
pairs of ontologies are directly linked by means of bridge rules. However,
when more than two ontologies are involved, one would expect that sub-
sumption propagates along chains of ontologies linked by bridge rules,
but the semantics of DDL is too weak to support this behaviour. In a
recent study, an adjusted semantics for DDL that supports subsump-
tion propagation through chains of ontologies has been introduced. This
study makes use of so called compositional consistency requirement that
has been employed before in Package-based description logics. While the
results concerning subsumption propagation under the adjusted seman-
tics are encouraging, there are important drawbacks. In this paper we
take a wider perspective, and propose a study of several different alter-
native extensions of the DDL semantics. For each of them we study the
formal properties, and we select the one that, according to our analysis,
constitutes a good compromise, and for this case we provide a sound and
complete tableaux decision procedure.

1 Introduction

Distributed Description Logics (DDL) have been introduced by Borgida & Ser-
afini (2003) and consecutively developed by further research (Serafini et al.|2005|
Serafini & Tamilin||2006, |Ghidini et al.|[2007)). DDL are intended especially to

* This is a preprint of an article whose final version has been published in Applied
Artificial Intelligence 24(1-2):137-174 (© 2010 Taylor & Francis; Applied Artificial
Intelligence is available online at: http://www.informaworld.com/smpp/ . This ver-
sion was downloaded from: http://ii.fmph.uniba.sk/~homola/papers.


http://www.informaworld.com/smpp/content~db=all~content=a918983980~frm=titlelink
http://ii.fmph.uniba.sk/~homola/papers

enable reasoning over systems of multiple ontologies connected by directional se-
mantic mapping, built upon the formal, logical and well established framework
of Description Logics (DL) (Baader et al|[2003) and local models semantics
(Ghidini & Giunchiglia/2001). DDL capture the idea of importing and reusing
concepts between several heterogeneous ontologies. This idea combines well with
the basic assumption of the Semantic Web that no central ontology but rather
many ontologies with redundant knowledge will exist (Berners-Lee et al.|[2001]).

In DL, a knowledge base, also called an ontology, contains a set of terminolog-
ical axioms that assert relation upon concepts. For instance, with subsumption
arioms we assert that some particular concept is a subconcept of another con-
cept. While the ontology contains a set of axioms that record selected relations
between concepts directly, using the logical semantics of DL some more relations
are possibly implied. These relations may then be queried by the user. Say, if we
assert directly that C' is a subconcept of D and D in turn is a subconcept of F,
this implies that also C' is a subconcept of E. This relation is called subsumption:
if C is a subconcept of D, we say that C is subsumed by D.

DDL enriches DL with new kind of axioms, called bridge rules. Bridge rules
represent a semantic mapping between ontologies in a formal fashion. With
bridge rules one is able to assert that some concept C, local to ontology 71,
is related to some other concept D, local to 7'2E| While technically this relation
is not exactly equivalent to the subsumption present inside the local ontologies,
with bridge rules we either indicate a subconcept or a superconcept relation.
Moreover, bridge rules are directed, and hence if there is a bridge rule with di-
rection from 77 to Ta, then 73 reuses knowledge from 7; but not necessarily the
other way around. Semantic mapping encoded in bridge rules enables for knowl-
edge reuse between local ontologies in a DDL knowledge base via the effect called
subsumption propagation.

Consider the example depicted in Fig.[I] Let the ontology on the right be
our local backyard ontology. In this ontology we maintain knowledge about all
animals in our backyard. Instead of complex modeling of all relations between
our animals we reuse a far more complex ontology that contains classification
of all animal species. We map MyCat to genus Felis, and we also create the
concept DangerousAnimal and map it to Felidae, the family of all cats, since we
also keep a hamster and we know that all cats hunt hamsters for food. Thanks
to the semantics of DDL we are now able to derive that MyCat is a subconcept
of DangerousAnimal, even if this relation is not derived in the original backyard
ontology locally. We say that the subsumption between Felis and Felidae has
propagated to the backyard ontology thanks to the mapping. Please note also
that the direction of the mapping is from the species ontology to the backyard
ontology, as we only intend to reuse the knowledge of the species ontology within

3 Even if the DDL framework has been extended for representing mappings between
roles and also so called heterogeneous mappings (i.e., mappings between concepts
and roles) (Ghidini et al|2007), in this paper we restrict to the case of mapping
between concepts.



[y MyAnimal
""""""""""""""""" Dangerous
z T Animal
/
! Mammalia
1
\
\
\
\
Felidae Rodentia
MyCat  MyHamster
1
/ /
Felis >, Cricetus™| V4 /
N s/ /
S N e e
~~~~ I T - 2
~= —_— -

~—— Local Subsumption

[y
~--=- Bridge Rule

Fig.1. A simple DDL knowledge base with bridge rules. In this knowledge base it
always holds that MyCat is a subconcept of DangerousAnimal, even if this fact is not

explicitly recorded.

the backyard ontology and not the other way around. The mapping depicted on
Fig.[T] does not affect the knowledge within the species ontology in any way.

Subsumption propagation, as seen above, has been described as desired and
one of the main features of DDL and it has been studied (Borgida & Serafini[2003,
Serafini & Tamilin| 2004, [Homola)2007)). [Homolaj (2008) argues that the original
semantics of DDL behaves counterintuitively in certain cases and proposes an
adjustment to the semantics in order to cope with this issue.

Animal
MyAnimal
_,__;. ________ Dangerous
,,,,,,,,, Animal
-
/’//,
/
Carnivcre\\
\
Herbivore \ Mammalia
\
N MyCat  MyHamster
N
\\
Felidae Rodentia ! !
— ! i
! I
/ 1
nf /
) /i I
~—— Local Subsumption ) / 7
c Felis >~ _Cricetus™s] //',
«--=-BridgeRule T~ ¢ - S

Fig. 2. An example of complex concept mapping between three ontologies. In this case
the query whether MyCat is a subconcept of DangerousAnimal is not true under the

original DDL semantics.

For illustration consider Fig.[2] which extends the previously discussed exam-
ple depicted in Fig.[T} In this case, the situation is more complex. We no longer



map between concepts Felidae and DangerousAnimal, but instead these two con-
cepts are connected indirectly via the concept Carnivore from yet another ontol-
ogy. This third ontology deals with animal behaviour in contrast with the species
ontology that merely provides classification. In case that there are such ontolo-
gies available, we suggest that this way of modelling is even more natural. As in
the above example, again we would expect to derive that MyCat is a subconcept
of DangerousAnimal within the backyard ontology. This relation is not derived
under the original DDL semantics however. In the example from Fig.[2| there is a
so called chain of bridge rules. The onto-bridge rule between concepts Carnivore
and Felidae and the other one between Felis and MyCat form a chain, as Felis
is a subconcept of Felidae in the classification ontology. Similar chains are also
possible with into-bridge rules. The adjusted semantics of Homola; (2008) allows
subsumption propagation along such chains of bridge rules and hence the sub-
sumption between MyCat and DangerousAnimal is entailed under this semantics.

In this paper we take steps forward in order to develop a distributed tableaux
reasoning algorithm that would decide satisfiability of concepts and subsumption
with respect to the adjusted semantics. The algorithm that is introduced in this
paper handles chaining onto-bridge rules correctly, but it is unable to cope with
chaining into-bridge rules. We provide precise characterization of the semantics
that the algorithm actually implements. The algorithm works with acyclic DDL
knowledge bases build on top of ALC as the local language. As in the case
of the tableaux algorithm that is known for the original semantics (Serafini
et al.|2005)), the algorithm is truly distributed and it permits the scenario where
every local ontology is governed by an autonomous reasoning service and these
services communicate by passing queries. The local reasoner that has started
the computation collects all the answers and makes the decision at the end.
Besides the fact that each algorithm works under a different semantics, the main
distinguishing feature of the newly introduced algorithm is that communication
between local reasoners is divided into multiple messages. We believe that such
behaviour may serve as a base for more fine-grained optimization in the future.

2 Distributed Description Logics

DDL rely on Description Logics (Baader et al.|2003|) as for the representation
language of the local knowledge bases. DL provide a well established ontolog-
ical representation language with formal semantics and with reasoning tasks
and associated computational issues well understood. In the following we briefly
introduce the ALC DL in order to build on top of it later in the paper.

A DL knowledge base typically consists of a TBox and an ABox. The TBox
contains terminological knowledge, that is, definitions of concepts and their rela-
tions (i.e., subsumption axioms). The ABox contains knowledge about individu-
als, their relations and their membership in concepts. In this work we concentrate
above all on the terminological part of the knowledge and hence we will only
work with TBoxes below. We will denote TBoxes with 7; because we deal with
several ontologies. Assume that ¢ is an index from some finite index set I. Each



TBox is a set of subsumption axioms called general concept inclusions (GCI),
each of the form ¢ : C C D, where C' and D are concepts. Concepts are ei-
ther atomic or complex. Atomic concepts have no further structure. Complex
concepts are composed from atomic concepts and roles using some of the DL
concept constructors. For list of constructors and their meaning see Fig.[3]

The semantics of DL is model-theoretic. Each ontology 7; is assigned an
interpretation Z; consisting of a domain A% and an interpretation function -
which interprets each concept C' by C% C A, Each role R is interpreted by
RTi C Al x Ali. Complex concepts must satisfy further semantic constraints,
see Fig.[3] There are also two special concepts L and T. The bottom concept
(1) is always interpreted by 1% = {), the top concept (T) is always interpreted
by TZ = A% but they are formally defined as syntactic sugar: | = EM—F
and T = F LU —F, for some new concept name F.

A GCI axiom i : C T D , is satisfied by Z; whenever CZ¢ C D%i, An interpre-
tation Z; is a model of 7; if it satisfies all GCI in 7;. A concept C is satisfiable,
if there exists an interpretation Z; such that C% is nonempty. In addition, C
is satisfiable with respect to a TBox 7; if there exists an interpretation Z; with
CTi £ () that is a model of 7;. And, subsumption i : C C D is entailed by 7; if
C%i C D% holds in all models of 7;. Satisfiability of concepts and subsumption
entailment are standard decision problems that are investigated in each DL.

Two concepts C and D are equivalent if in each interpretation Z; we have
CTi = D%i. A concept C is in negation normal form (NNF) if negation (=) only
appears in C directly in front of atomic concepts. For each concept, an equivalent
concept in NNF exists (Baader et al.|2003), we denote the NNF of C by nnf(C).
For more detailed introduction to DL please refer to the work of |Baader et al.
(2003) and Horrocks et al.| (1999).
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Fig. 3. Complex concepts in ALC and their semantics.

A DDL knowledge base, commonly dubbed distributed TBox ¥, includes a
set of local TBoxes each over its own DL language and a set of bridge rules
B that provides mappings between these local TBoxes. The local languages are
commonly required to be under SHZQ (Horrocks et al.|1999) as it is not trivial to
extend DDL with nominals (Serafini et al.2005). In this work we will stay under
ALC, which is a sub-language of SHZQ. The formal definition is as follows.

Definition 1. Assume a non-empty index set I, a set of concept names N¢ =
Uier Nci and a set of role names Nr = (J;c; Nr;. A Distributed TBox is a pair
T = {{Ti}ier,B) such that:

icl



1. Each local TBox T; is a collection of ALC GCI axioms over N¢; and Ngj;.
Each GCI is of the form:

1:CCD .
2. The set of bridge rules B divides into sets of bridge rules B = Ui,jeI)#j Bij.
Fach B;; is a collection of bridge rules in direction from T; to T; which are of
two forms, into-bridge rules and onto-bridge rules (in the respective order):

i:A%j:G, i:B%j:H.

While, as we will see bellow, bridge rules are not semantically equivalent to
subsumption axioms (GCI), they also work with the notions of subconcept and
superconcept. Intuitively speaking, into-bridge rules cause the mapped image of
the source concept to always stay inside of the target concept, so hence their
name. Conversely, onto-bridge rules cause that the target concept is always inside
of the mapped image of the source concept. As already mentioned, the direction
of bridge rules matters and hence B;; and 9B;; are possibly and expectedly
distinct. The bridge graph Gz = (V, E) of a distributed TBox ¥ is defined as
follows: V' = I and (i, j) € E if B;; # 0. We say that T is acyclic if Gg is acyclic.

Given a TBox T, a hole is an interpretation Z¢ = (), -) with empty domain.
Holes are used for fighting propagation of inconsistency. We use the most re-
cent definition, introduced by |Serafini et al. (2005]). A distributed interpretation
J = ({Zi}tier, {rij ticr,iz;) of a distributed TBox T consists of a set of local in-
terpretations {Z;};cr and a set of domain relations {r;;}icr ;. For each i € I,
either Z; = (AL"7 L) is an interpretation of the local TBox 7; or Z; = Z€ is a
hole. Each domain relation r;; is a subset of A% x A%i. We denote by r;;(d) the
set {d’ | (d,d') € ri;} and by 7;;(D) the set J e 7i5(d).

Definition 2. For every i and j, a distributed interpretation J satisfies the el-
ements of a distributed TBox T (denoted by J |=, ) according to the following
clauses:

1. JEci:CCD L, ECLC D;

2.03ET, ifTEci:CCD for each CE D € T;;
8.3 i:C5j:G ifry;(CF) C G,

4. JEci:C =2 j:Gifry(CH) DG,

5. T B if J satisfies all bridge rules in B;

6. TS if T B and T = T; for each i.

IfJ

. T then we also say that J is a (distributed) model of T.

The two standard decision problems in DL, satisfiability of concepts and
entailment of subsumption, play prominent réle also in the context of DDL.
Formally, the decision problems are defined as follows.

Definition 3. Given a distributed TBox X, an i-local concept C is satisfiable
with respect to T if there exists a distributed model 3 of T such that CTi # ().



Definition 4. Given a distributed TBox ¥ and two i-local concepts C' and D,
it is said that C is subsumed by D with respect to T if CT C DT in every
distributed model J of T. We also sometimes say that the subsumption formula
i:C C D is entailed by T and denote this by T = i: C C D.

It is a well known result that in most DL subsumption and (un)satisfiability
are inter-reducible (Baader et al.|[2003). It follows rather straight forward, that
this reduction is also valid for DDL, as follows in Theorem

Theorem 1. Assume a distributed TBoxz ¥ and two i-local concepts C' and D.
T E=ci: CC D if and only if the concept ~C M D is unsatisfiable with respect to
T. Also, C is satisfiable with respect to ¥ if and only if the subsumption formula
1:C C L is not entailed by <.

In the literature several properties have been identified as desired for a logic
of modular and distributed ontologies (Loebe [2006). In context of DDL, par-
ticularly three properties are considered as desiderata. These are (intuitively
explained):

monotonicity: addition of new knowledge does not affect the previously en-
tailed knowledge;

directionality: some local ontology 7; possibly affects another local ontology
7;, only if they are connected by a directed path of bridge rules starting
from T; and eventually reaching Tj;

local inconsistency: if one local ontology is inconsistent this does not neces-
sarily cause the inconsistence of the whole distributed ontology, instead the
local inconsistency should be dealt with allowing only minimal necessary
damage.

These properties have been formalized in the context of DDL in the literature
and it was proved that they hold for the original DDL semantics (Borgida &
Serafinil|2003, Serafini & Tamilin||2004} Serafini et al.|[2005). In any extension of
the DDL semantic it is desirable to maintain these three properties, if possible.
The properties are formalized as follows.

Definition 5 (Monotonicity). The monotonicity property is satisfied when-
ever in every distributed TBox T it holds that

T.=CCD = T=i:CCD.

Directionality states that there should also be no back-flow of information against
the direction of bridge rules. That is, if 7; and 7; are not connected by any
directed path of bridge rules (in direction from ¢ to j) then 7; does not affect
7;; which means that removal of 7; should have no effect in 7;.

Definition 6 (Directionality). The directionality property is satisfied when-
ever in every distributed TBox T with index set I and bridge graph G for every
i,§ € I, i # j it holds that if there is no directed path between i to j in G, then

TEj:CCD < T 'k j:CCD
where T is obtained by removing T;, B and By from T for each k,l € I.



The local inconsistency property states that even if some of the local TBoxes
happens to be inconsistent, the inconsistency does not necessarily spread and
pollute the whole distributed ontology. There are more options how to formalize
such a property and several formalizations occur in the literature (Borgida &
Serafinil 2003, Serafini & Tamilin| 2004}, |[Serafini et al.||2005). We use the most
recent definition (Serafini et al.|[2005]), which is rather technical but in fact de-
scribes very well the exact extent of inconsistency propagation that occurs under
the original DDL semantics.

The limited amount of inconsistency propagation that occurs in DDL is jus-
tified by the following observation. If some local TBox 7; is inconsistent, then
the only admissible local interpretation is a hole. This affects onto-bridge rules
outgoing from 7; — the only admissible local interpretation for every j-concept
D that is a target of an onto-bridge rule outgoing from 7; is the empty set (i.e.,
DZ%i = ) in each distributed model J of T).

We will use some auxiliary notation. Let =4 be a kind of entailment just as =,
only that it does not allow holes as local interpretations and let also each J =4 ¥
be called a d-model of ¥. Given J C I, T(ey) is obtained from ¥ by removing
each 7; such that j € J, and adding {DC L |j:C 3i:DeB A je J}to
each T;, i€ I\ J.

Definition 7 (Local inconsistency). The local inconsistency property is sat-
isfied whenever in each distributed TBox T the following holds: T = i: C T D
if and only if for any J C I, not containing i, T(ey) Eqi: C C D.

The mechanism of knowledge reuse within DDL ontologies is formally char-
acterized by the notion called subsumption propagation. Intuitively, subsumption
propagates from one local ontology where it follows from the local knowledge
to some another ontology that is connected by bridge rules. For an example,
recall the distributed ontology depicted in Fig.[I[] Here, the biological classifica-
tion ontology on the left locally entails Felis C Felidae. Thanks a pair of bridge
rules this subsumption is propagated into the backyard ontology on the right
and MyCat C DangerousAnimal is distributively entailed.

This subsumption propagation scenario is only a very basic one. The sub-
sumption propagation property has been formulated in a more general setting.
One such a formulation appears in the work of |Serafini & Tamilin| (2004). Here
subsumption is propagated between G and the union H; U --- L H,, given a
locally entailed subsumption A C By Ll --- U B,, in a neighboring local ontology
and a sufficient number of bridge rules. This exact form of the property, formu-
lated in form of an inference rule in Theorem [2] is somewhat important for the
original DDL framework: it provides the grounds for the distributed reasoning
algorithm introduced by [Serafini & Tamilin| (2004).

Theorem 2 (Subsumption propagation). Given a distributed TBox T with
an index set L, two local TBoxes T; and T;, ,j € I, i-local concepts A, By, ..., B,
and j-local concepts G, Hy, ..., H,, for some n > 0, the following inference rule



is valid:
TEi:AC B U---UB,
i:A%j:GE%ij
i:Bk%j:HkE%ij,forlgkgn
TEj:GCH U---UH,

Study of subsumption propagation in more complex cases also appears in the
literature (Serafini et al.|2005, [Homola;2007)). These cases are not as interesting
for this study, since they do not extend the case in that particular aspect that
only two local ontologies which are directly connected with bridge rules are
studied. In this work we concentrate on indirectly connected ontologies, a case
with which, as we will see below, the original semantics is not completely able
to cope with.

3 Improving Subsumption Propagation

As outlined in the introduction with the example of Figure [2] the subsumption
propagation pattern in the original DDL is, in some cases, not as strong as one
would desire. In a recent paper, Homola) (2008) proposes a way to adjust the
semantics of DDL in order to improve subsumption propagation in the cases
when local ontologies are only connected indirectly. Here we provide a more
systematic analysis of the possible improvements, and for one of them we extend
the distributed tableaux algorithm for DDL described by |Serafini et al.| (2005]).

This work is concerned with remote ontologies. The basic intuition behind
this notion is of two local ontologies within a distributed system, that are not
connected directly by a single bridge rule. Since we are interested in subsumption
propagation between remote ontologies we further refine this notion considering
the following two aspects. First, we are only interested in cases when these
ontologies are in fact connected by some directed path of bridge rules; this is
due to the directionality desideratum which allows no knowledge reuse if this
is not the case. Second, even if two ontologies are connected directly, we must
still consider also the remote connections between them, that is, paths of bridge
rules spanning across multiple ontologies.

The characteristic pattern of interest, when dealing with remote ontologies
is characterized by the notion of chain of bridge rules. Chain of bridge rules is a
directed path of bridge rules which combine together with respect to subconcept-
superconcept relations.

Definition 8. Let T be distributed TBox with an index set I. A chain of bridge
rules is either a directed path of into-bridge rules

<1:0152:D2,2:02%3:D3, ...,n—l:C’n_lgn:D,ﬁ

of length n > 0 such that for each 1 < i < n we have ¥ = i : D; C C;
(into-chain); or a directed path of onto-bridge rules

(1:C’1%2:D2,2:C’2%3:D37 ...,n—l:C’n_lgn:D,ﬁ



of length n > 0 such that for each 1 < i < n we have ¥ = i : C; T D;
(onto-chain).

While there is no notion of bridge rules composition or bridge rules inference
in the literature, and also in this work we do not intend to introduce this kind of
reasoning with bridge rules formally, we will use the notion of bridge rules com-
position as a metaphor in what follows. The point is that the desired extent of
subsumption propagation according to our intuitions is characterized by a hypo-
thetical semantics in which each chain of bridge rules between C' of 7; and D of
7; has the power equal to a single bridge rule between these two concepts. In the
basic case this propagation pattern is characterized by the following composition
of bridge rules:

i:ASj:Bandj:B S k:C implies i: ASk:C (1)
i:A%j:Bandj:B%k:C’impliesi:A%k:C’ (2)

Semantically these two composition rules correspond to the following two con-
ditions (in the respective order):

rij(AT) € BY Arjp(BY) C P = ryp(A%) C O (4)
rij(AT) 2 BY Arj(BY) 2 CF = 1y (A7) 2 CTr (5)
(6)

Since the above two conditions must hold for any interpretation of A, B and C,
then they correspond to the following inclusions between domain relations:

T3 O Tk 2 Tik (7)

Tij O Tjk C Tk (8)

Notice that when any two of 7, j and k are equal, the above properties include
r4; for some i € I which is not defined in a DDL. So we suppose that the above
properties hold only in the case when 4,5 and k are three mutually distinct
indices. Our investigation proceeds with studying the properties of an amended
semantics of DDL which obeys restrictions (7)) and ().

Definition 9. Given a distributed interpretation J with domain relation r, we
say that v (and also J) satisfies compositional consistency if for any three mu-
tually distinct indices i, 7,k € I we have r;; o1 = 4.

Now the adjusted semantics is simply obtained from the original DDL se-
mantics by allowing only distributed interpretations that satisfy compositional
consistency. In accordance we often use the wording “DDL under compositional
consistency” when referring to this semantics.

The adjusted semantics actually extends the original one, in the sense that if
some subsumption formula @ is entailed by a distributed TBox ¥ in the original



semantics, then it is also entailed by ¥ under compositional consistency. The
only difference is that in the adjusted semantics possibly some more subsumption
formulae are entailed in addition. This is formally stated in the following theorem
(for a proof please refer to [Homola, (2008))).

Theorem 3. Given a distributed TBox T and a subsumption formula ®, if T =,
@ according to the original semantics, then T =, @ also holds in DDL under
compositional consistency.

To demonstrate the mechanism of improved subsumption propagation within
the adjusted semantics, let us revisit the example from Fig.[2| formally.
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Fig. 4. Renaming of concepts from Fig. employed in Example The three local
ontologies are referred to as 7, — behaviour ontology, 7. — classification ontology, and
Ty — backyard ontology.

Ezample 1. Recall the example depicted in Fig.2] Let us simplify the notation
by renaming the concepts as follows: C' := MyCat, D := DangerousAnimal, F :=
Felis, F' := Felidae, G := Carnivore. Remaining concepts are of no interest (see
Fig.. Assume the index set I = {b,c,y}, where b represents the behaviour
ontology (on the left), ¢ represents the classification ontology (in the middle)
and y represents the backyard ontology (on the right). There are various axioms
in T = {Ty, 7c, Ty, },B) but of the GCI only ¢ : E C F, actually matters to us,
and there are three bridge rules in B:

b:G%c:F7 c:ESy:C
b:G%y:D.

We query whether it holds that ¥ |=. y : C C D. Assume a distributed interpre-
tation J. Let us first assume that J contains no hole. From Definition [2] we get



Tey (EIC) D C%v. We also have 7y, (GI") D FZ¢, but since r,(+) is a mapping
we get that rey (rpe(GT*)) 2 7¢y(F%). And from compositional consistency we
get that 7y (rpc (GT)) = 13y (G**) implies ryy (GT*) 2 rey (F%<). From the GCI
¢c: EC F we get FZe D E’e and from properties of mapping we again get
Tey (FI) D Tey (EIC). Putting this all together we derive:

(™) 2 1y (F7) 2 1 () 2 €T

and that amounts to 7y (sz) D C?%v. On the other hand, from the into-bridge
rule between T, and T, we derive 7y, (sz) C D?v. And so we finally get CTv C
D%y,

For the case with holes assume for instance that Z, = Z¢. In that case GZt =
(). Thanks to the constraint generated by bridge rules and the GCI we easily
derive that also FZe = (), EZ¢ = (), and also C7v = (). In such a case, however,
C%v C D?v holds trivially. If we substitute other local interpretations for holes,
we get the very same result analogously.

Summing up, in every model of T we have CZv C DTv and hence T k=,
y : C C D. Recall that we have actually used the compositional consistency
requirement in our argumentation. Without it we would not be able to establish
the result: we would not be able to prove that 74, (sz) 2D Tey (FIC). In fact,
the original DDL semantics allows models that violate this inclusion and hence
T .y : C C D does not hold under the original semantics.

Theorem [4] below provides a more general characterization of cases when
subsumption propagates to remote ontologies. This characterization generalizes
the setting from Figs. For a proof, refer again to the work of Homola/| (2008)).
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Fig. 5. Depiction of the distributed TBox from Theorem



Theorem 4. Given a distributed TBoz, as illustrated in Fig.[5, with an index
set I and a set of bridge rules B, that features n+ 1 local TBoxes To, T1,-- -, Tn
with concepts E, F € Ty, and C;, D; € T;, for 1 <i<n, and k with1 <k <n
such that:

1. TEi:C,CE Dy, for1 <i<n,
2.i+1:Cy1 2i:D; €8, for1 <i<k,
3.i:D;5i4+1:Cip 1 €8, fork<i<n,
4.1:0,20:E€®Bandn:D, 50: FcB.

In DDL under compositional consistency it follows that ¥ =.0: EC F.

In a nutshell, Theorem [4] basically says that the effect of bridge rules is now
transitive, and hence subsumption propagates even between remote ontologies
within the system. Since we deliberately did not formally introduce the notion
bridge rules inference as it is not the primary subject of this paper, relying
only on the current DDL notation this must be formulated in a rather complex
fashion. If such a notion is introduced by future research, the theorem may be
reformulated in a more elegant way.

As a counterpart of the positive effects of the newly introduced semantics, we
also observe some undesired side effects. In particular, the full compositionality
of domain relation spoils the directionality and the local inconsistency properties.

~—— Local Subsumption
[y
~~—=- Bridge Rule

Fig. 6. Depiction of the distributed TBox from Example [2}

Ezxample 2. Consider the following distributed TBox ¥ with the index set I =
{1,2,3}, such that 7; =0, T2 = 0, T3 = § and two bridge rules B = {2: C 5§
1:1,2:C 23:D}.

Under the semantics with compositional consistency, it follows that T = 3 :
D C 1. There is no directed path from 77 to T3. If T satisfies the directionality
property, it should be possible to remove 7; form ¥ without loosing any of the
entailed subsumptions. But this is not the case since T°! 5 3 : D C L. The
proof that T = 3: D C L is as follows:



1. ¥ ¢ 3: D C L because by the second bridge rule, ra3 (012) D D*3 and
CT2 = (), as we will prove.

2. Assume ro3(C72) # 0.

3. Hence there are z € C*2 and y € A™ such that y € ro3(x).

4. Now from compositional consistency there must be z € A7 such that z €
ro1(x) and y € r13(2).

5. but from the first bridge rule we now get z € 1L7* which is a contradiction,
as x € CT2, z € ry1 () and 7oy (C’I?) C 17,

Ezample 3. Consider distributed TBox ¥ with index set I = {1,2,3} and a set
of bridge rules B, such that 71 = {T C L}, 75 =0, 73 = 0 which only contains
one bridge rule

2:C%3:D.

Since 77 is inconsistent, the only admissible local interpretation is a hole. Sim-
ilarly as in the example above, 793 = ), because otherwise A™* would be non-
empty. Hence T =, 3: D C L. If local inconsistency would hold, then for each
J C1I,3¢ J we must have T(ey) Fq 3: D C L. For J = {1} this does not
hold, however, as we will show. In this case T(e;) = ({72, T3}, B). Consider the
d-interpretation J with A72 = C%2 = {x}, AT = DT = {y}, ro3 = {{z,y)} and
r3e = (. Clearly, J is a d-model of T(e;), computational consistency is satisfied
by 7, and indeed J [~q 3 : D C L since D% # ().

As showed by Examples 2H3] important properties of the original DDL se-
mantics are violated under the compositional consistency requirement. Willing
to preserve these properties, most notably directionality, we have two possible
directions: first options is to drop condition @ completely; the other option is
to restrict the applicability of property to the case in which (¢, 7) and (j, k)
are links of the bridge graph. In the following two sections we analyze both these
options.

3.1 DDL under the Transitivity Condition

From Examples we conclude that the compositional consistency require-
ment is perhaps too strong. It implies all the constraints that are necessary in
order to increase subsumption propagation in the amount we have described as
desired but it also implies further consequences that are possibly destructive
as we have seen in the examples. In the following we study a relaxed version
of the compositional consistency condition, which basically is just transitivity
of the domain relation in distributed models. We will show that subsumption
propagation is more limited under this weaker condition, but on the other hand
this semantics satisfies the desiderata postulated for DDL including direction-
ality and the guarded inconsistency propagation. In addition we will be able to
introduce a distributed tableaux reasoning algorithm that decides satisfiability
for this semantics later in Sect.[d] Formally, the weaker condition is defined as
follows.



Definition 10. Given a distributed interpretation J with domain relation r, we
say that r (and also J) satisfies the transitivity condition if for any three mutually
distinct indices i, j, k € I we have 7y o rji C .

Apparently, a distributed interpretation satisfies the transitivity condition if
and only if its domain relation is transitive. The semantics obtained by allowing
only distributed interpretations that satisfy the transitivity condition is hence
called DDL under transitivity or DDL with transitive domain relation. The first
observation for the new semantics is that the proposition of Theorem [] does
not hold any more if we relax from compositional consistency to transitivity. We
demonstrate this problem by an example.

Ezample 4. Consider a distributed TBox T with three local TBoxes 71, 72 and
T3, with local concepts C1, Dy in 71, Es in T3 and F3 in 73, and with bridge
rules:

22E253:F3, 32F3512D17
22E2%1201 .

This distributed TBox is clearly a very simple instance of the setting assumed by
Theorem According to this theorem, we should be able to derive ¥ =4 1: C1 C
D;. This is not true, however, as a distributed model of ¥ exists in which C; 7 ¢
D;r. This distributed model J has three local domains A% = {c1,d1}, A2 =
{ea}, and AT = {f3}. Local concepts are interpreted as follows: C17* = {¢;, d; },
DB = {di}, BEx™ = {ey}, and F3™* = {f3}. Finally, the domain relation
is the fOHOWngZ 21 = {<62701>, <€2, d1>}, o3 — {<62, f3>}, r31 = {<f37d1>},
ri2 = 32 = r13 = 0. It is easily verified that r is transitive, hence the transitivity
condition is satisfied, and hence Theorem [] does not stand if compositional
consistency is relaxed to transitivity. At the same time, this example does not
invalidate Theorem |4/ under compositional consistency, as the stronger condition
is not satisfied by J because ro1(e2) = {c1,d1} € {d1} = rs1(ras(ez)).

So we see that DDL with transitive domain relation has problems with
“chaining” into-bridge rules. Luckily enough the problem does not affect chain-
ing onto-bridge rules — if we analyze Example [I| we will see that transitivity is
enough to guarantee the two chaining onto-bridge rules in this example to propa-
gate the subsumption relationship as expected. This observation holds in general
and is formally established by Theorem [5| below. This theorem is a weaker ver-
sion of Theorem [4] and it provides a characterization of the semantics of DDL
under the transitivity condition.

Theorem 5. Given a distributed TBox, as illustrated in Fig.[], with an index
set I and a set of bridge rules B, that features k + 1 local TBoxes To, T1, ..., Tk
with concepts E, F € Ty, and C;, D; € T;, for 1 <1i < k, such that:

1. ¥Eci:C,CED;, for1 <i<k,
2.i41:Ciy1 2i:D; €8, for1 <i<k,
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3.1:C, 20:E€Bandk:Dpy 50: Fe®B.
In DDL under the transitivity condition it follows that ¥ =.0: EC F.

Proof. The theorem is proved by the following chain of inclusions:

B C 1o (C) € o (D7) € F5

Inclusion 3 is a direct consequence of the into-bridge rule k : D), 5 0: F € 5.
As for Inclusion 2, ¥ |=q k : Cx C Dy, implies Ctr € Dp** and since rro(s) we
also have rko(CkI’“) Crro (DkI’“). Inclusion 1 divides into:

ET Corig(ran (- mik—1 (C™) -+ +)) € rio (Cr™)

Both these inclusions ought to be proved by mathematical induction. The first in-
clusion is proved by induction on k, base case is E%o C rqp (Clzl ) This is a direct
consequence of the onto-bridge rule 1: C; 2 0: E € 9B. In the induction step,
by the induction hypothesis we have E0 C 710 (ra1 (- ri—16—2 (C’k_lz’cfl) ).
From the assumptions of the theorem we derive:

Ti_ Ti_ T
Cro1™ C D™t C 1o (C™)

The composition of mappings r19(r21( - - 7k—1x—2(-) - -+ )) is a mapping, and so
r10(ra1 (- re—1p—2 (Ck—lzk_l) ) C rio(ran (- Te—1k—2 (Thr—1 (Cka)) ).
Together with the induction hypothesis this amounts to the inclusion we wanted
to prove.

As for the second inclusion, we shall prove a slightly more general proposition:

Tatin (Tnsans1 (- Tere1 (CK*) ) Cren (C6™)

where 0 < n < k—2. The inclusion we ought to prove is then derived by setting
n = 0. The proposition is proved by mathematical induction on k — n. As for



the base case consider k —n = 2, and so n = k — 2. That means we have to show
Thk_1k—2 (rkk_l (Ckzk)) C rrp—2 (C’kI’“), which holds because J satisfies transitiv-
ity. The induction step is for k—n = 5 > 2, and so n = k—j. From the induction
hypothesis we get 7y2n+1(Fntsnta (- Toe—1(Ck™) - ++)) € Thnt1 (Ck™). And
since 7,41, () is a mapping, we also get 75,11, (rn+2n+1 ( e Thk—1 (C’kz’“) e )) C
Tn+in (r;mH (Ckzk)). Once again, since J satisfies the transitivity condition we
have r,41p (rlmﬂ (CkI’“)) C Tin (Ckz’“). By combining the last two inclusions
we directly get:

Totin (Tng2nt1 (- Thie—1 (CE™) ) € 7en (C™)

By setting n = 0 we derive the inclusion we wanted to prove, and hence the
theorem. a

And so we see that this weaker semantics only partially solves the prob-
lem of lacking subsumption propagation between remote ontologies, as we have
identified it in the beginning of Sect.[3] Subsumption propagates along chains of
onto-bridge rules, but it fails to propagate along chains of into-bridge rules. On
the other hand, compared to the stronger semantics, it satisfies the requirements
that have been placed on DDL (Borgida & Serafini||2003| [Serafini et al.[|2005]),
as we formally demonstrate below.

Theorem 6. The monotonicity property is satisfied in DDL under transitivity.

Proof. Given 7; € ¥ and C,D € T; such that 7; . C C D, only models of 7;
and Z¢ are allowed in the Z; slot of any distributed model J of T. Since in each
of these C'C D holds, we get ¥ = i : C C D directly from the definition. a

While monotonicity is a rather trivial property that expectedly holds also
for this semantics, recall that the stronger semantics we have presented in the
previous section does not satisfy directionality, as we have showed. Fortunately
the semantics of DDL under transitivity behaves more reasonably — directionality
is satisfied — as we formally prove below.

Theorem 7. The directionality property is satisfied in DDL under transitivity.

Proof. Given a distributed TBox ¥ we shall prove that if there is no directed
path from i to j in G, then

TEj:CCD < T ' j:CCD

where T~! is obtained by removing 7;, B, and By; from T for each k,l € I,
k1 1.

If part. By contradiction. Assume that T/ =, j : C T D and T A, j :
CCD.If Tj:CLC D then there is a distributed model J of ¥ in which
C%i ¢ D7%i. Let 37% be obtained from J by removing Z; and r;;, and 7, for all
k # i. Since J is a model of T, 37% is a model of T~ (this follows directly from the



construction). However ¢%' = C% and D% = D% and hence C%’ ¢ D%
This implies that T~¢ £, j : C C D but we have assumed the contrary.

Only-if part. By contradiction. Assume that T =, j : C C D and T% }£, j :
CCD. Ifg ¢ ke 7+ C C D, there is a distributed model J=% of T=% in which
ot ¢ D% Let J C I be the set of nodes reachable from i by some directed
path in Gg. Let J be the following distributed interpretation of ¥:

I, =1I," for each m € I'\ J;

I = I¢ for each m € J,;

Tmn = T if myn € T\ J;

Tmmn = 0 if either m € J or n € J.

= o

We now show that J is a distributed model of €. In order to demonstrate this,
we need to show that local axioms and bridge rules of ¥ are satisfied by J, and
that the domain relation of J is transitive.

Local axioms. For any m € I, each local GCI axiom ¢ =m : G C H must be
satisfied by Z,,. If m € J then Z,, is a hole, which satisfies any local CGI
axiom, and hence it also satisfies ¢. If m € I\ J then Z,, = Z..?, which
satisfies ¢ because J7¢ is a distributed model of T~% and ¢ occurs in 7,,°
since T, = T, "

Bridge rules. Given m,n € I and a bridge rule b that maps from m : G
to n : H, we must show that b is satisfied by J. We distinguish between
several cases. First, if m,n ¢ J, then b is satisfied by J because ry,,, (GI™) =
74 (GTm'), H» = H”%', and b is satisfied by 3=%. The case when m € J
and n € I'\ J is impossible, because there is a bridge rule from m to n and
hence if m belongs to J, n must also belong to J. In all remaining cases
n € J. In this case it follows that 7., (GL") = () and H*» = (), because
Tmn = 0 and T, is a hole. In such a case however J satisfies ¢.

Transitivity. We have to show for any three mutually distinct indices k, m,n €
I that rgpm o ropmn C 7y If none of k,m,n belongs to J, then the fact that
Thm = r,;nil, Tmn = Tty and Tgp, = r,;; implies Tgm © Tmn C Trn. If at least
one of k,m and n belongs to J, then either ry,, or 7y, is equal to (), which
implies that 7., 0 Tyn = 0 C 7.

And so we have showed that J is a distributed model of ¥. However, since
there is no directed path from i to j in Geg, it follows that j ¢ J and hence
I = Ij_i and hence C%i ¢ DZ%i. This in turn implies that ¥ £, j : C C D, but
we have assumed the contrary. a

Another property which is broken by the stronger semantics is the so called
local inconsistency property. It turns out that this problem is indeed caused by
the intricate implications of computational consistency and when we only require
transitivity, the property holds.

Theorem 8. The local inconsistency property is satisfied in DDL under transi-
tivity.



Proof. Given a distributed TBox ¥ over an index set I, and given some i € I, a
subsumption formula ¢ =i : C'C D, we ought to prove the equivalence:

Thecd <= (V) JCINi¢T = F(eg) Fa o)

If part. Suppose by contradiction that for all subsets J of I such that i ¢ J,
T(es) FFq ¢ and T [~ ¢. In that case there is an e-model J' of T in which
cZi ¢ DZi . Since this is an e-model, some of its local interpretations are possibly
holes. Let J be the set of all indices in I that hold a hole as local interpretation,
e, J={jel|Zj =1V As 3" £ ¢ we have i ¢ J, because otherwise
Z; = I¢ and hole entails any formula including ¢. Let 32 be the distributed
interpretation obtained by cutting the holes off from 3!, i.e., 3% has I\ J as its
index set, Z? = T for each j € I'\ J and rf—k = le-k for any 7,k € T\ J. We will
now show that 32 is a d-model of T(ey).

1. Indeed 32 is a d-interpretation, because it does not contain holes any more.

2. Given any j € I\ J and any j-local GCI ¢, either 9 also belongs to 7; of ¥
and hence it is satisfied by 77 = Z; since J' satisfies Tj, or by construction
of T(ey) 1 =7 : D C L and there is some bridge ruleb=%k:C 2 j: Din ¥
with k € J. Since b is satisfied by 3! and I} = Z¢ we have D% = D% = {)
and hence 1 is satisfied.

3. Also each bridge of T(e;) rule, say b between T; and Ty, j,k € I\ J, is
satisfied by 3% since b also appears in ¥ and 77 = T}, I} = I, r?k = rjl-k
and J' satisfies b.

4. Moreover J° satisfies transitivity because J' does and r3, = rj, for any
JkeI\J.

Hence we have found a contradiction because T(ey) ought to entail ¢ but it
does not, since 32 is a model of T(e;) in which CZ ¢ DT (because CL: ¢ D%,
CTl = C% and DT = D).

Only-if part. Suppose by contradiction that ¥ =, ¢ and there is J C I,
not containing i, such that T(e;) ~q ¢. In this case there must be a d-model of
T(ey), say J* such that o ¢ DT . Let us construct a distributed interpretation
32, starting from J' and adding hole into each slot j € J, i.e., Ij2 = IJ1 for each
j €I\ Jand T7 = I¢ for each j € J. Moreover, for any pair of indices j,k € I
we set r?k = le'k if both 4,5 € I'\ J and r?k = () otherwise. We now prove that
32 is an e-model of .

1. Obviously 7?2 is an e-interpretation of <.

2. Each local GCI ¢ in ¥ is satisfied, as if ¢» € T}, j € I\ J then ¢ also appears
in T(ey) and since Ij2 = I} we have IJ2 entails ¢. If ¢ € Ty, k € J then ¢ is
satisfied since Z7 is a hole.

3. Let b be a bridge rule directed from 7; and T, j,k € I that maps between
j:Cand k:D. If both j,k € I\ J then b is satisfied because it is satisfied
by 3! and we have I? = I}, I} = T}, r?k = r]lk. If both j,k € J than b
is satisfied because IJ2 =17°, I,% = 7¢ and rjz-k =0.Ifjel\Jand ke J



than b is satisfied because 77 = Z¢ and r?k =0.IfjeJand ke I\J
and b = j : C 5 k : D then b is satisfied because r?k(CI?) = () which
surely is a subset of DZi. The last case occurs when j € J, k€ I\ J and
b=j:C 2 k: D. In this case b is also satisfied because by construction
the local GCI k : D C L belongs to T(es) and hence DZi = DTt = () which
surely is a subset of r?k (CIJZ).

4. Finally, we show that the domain relation r? is transitive, that is, for any
three mutually distinct k,m,n € I it holds that 73, o2, C rZ . If none
of k,m,n belongs to J that this holds because 73, = r} , rZ = rl .
rZ =i, and r! is transitive. Thanks to the construction of 3 however,

in any other case either 77, = 0 (if k € J or m € J) or r2, = 0 (if

m € J or n € J). Hence in all these cases transitivity trivially holds, since

T o T =0 E 1,

mn ~

And so we have just showed that J2 is an e-model of ¥. N(gw we a§ain reach
contradiction, as we have assumed that T entails ¢ but C% ¢ D% (because

CTi ¢ DT, % = CT and DT = DT). O

And so we have showed that in the semantics of DDL under transitivity the
level of subsumption propagation between remote ontologies is limited to propa-
gation along chaining onto-bridge rules in scenarios that instantiate Theorem
Propagation of subsumption along chaining into-bridge rules is not granted, but
all desiderata postulated for DDL, including transitivity and local inconsistency
are satisfied.

3.2 DDL with restricted compositionality

We will now take the other approach that we have outlined. In this approach we
keep both restrictions and , but we try to apply them more cautiously.
This approach is motivated by the following example.

Ezample 5. Consider a distributed TBox T which contains local ontologies about
cats 7¢, music T, botany 7, and another one about fruit 7. Suppose that there
is some knowledge encoded within each of them and they are all consistent.
There are also some bridge rules between 7T, and 7; for instance:

b : Fruit 5f : Fruit b : Berry %f : Berry .

In contrast the two local ontologies 7. and T; are completely isolated. Let J be a
model of T in which Berry”’ is nonempty and hence there are some z € Berry™,
y € Berry™ such that (x,y) € 7. So far this situation is perfectly natural.
However, compositional consistency requires existence of z; € Al and zo € Alm
such that (z,21) € e, (21,Y) € Tef, (@,22) € Tom and (22,y) € Tmys. In turn,
(x,21) € b implies existence of (z,w1) € Tom, (W1,21) € Tme, (T, w2) € 75 and
(wo, 21) € T4, etc. As we can see, even if local TBoxes 7. and 7, are totally
unrelated, compositional consistency implies existence of elements in Z. and Z,,



and generates many r-connections between these elements and elements of the
other local TBoxes. Such behaviour is indeed rather strange and as we have
seen it even causes trouble in the sense that some important DDL properties are
violated.

From the example above we conjecture that compositional consistency is per-
haps a stronger condition than we really need in order to support subsumption
propagation. It does the job, as established by Theorem[d] but in addition it has
undesirable side effects. We try to weaken the condition as follows. Given a dis-
tributed TBox and a distributed interpretation over some index set I, we do not
require compositional consistency to hold for every i,j,k € I, but only when
local TBoxes T;, T; and 7}, are actually connected with bridge rules. The relaxed
version of the restriction is as follows.

Definition 11. Given a distributed TBox T with an index set I and bridge graph
Ga, let J be a distributed interpretation of T with domain relation r, we say
that r (and also J) satisfies restricted compositional consistency (also restricted
compositionality) if for any three mutually distinct indices i,j,k € I such that
there is a directed path from i to j and another one from j to k in Gg we have
Tij OTjk = Tik-

The semantics of DDL under this condition is called DDL under restricted
compositionality. This restriction is reasonable in the sense that the proposition
of Theorem [4) holds even in this relaxed case. In other words, subsumption does
propagate along both: chains of into- and chains of onto-bridge rules. This is
verified by inspection of the proof given by Homola| (2008): compositional con-
sistency is only applied in this proof in cases which are covered also by the weaker
version. Also directionality is satisfied under this semantics.

Theorem 9. The directionality property is satisfied in DDL under restricted
compositionality.

Proof. Given a distributed TBox ¥ we shall prove that if there is no directed
path from ¢ to j in Gg, then

TEj:CCD < T ' j:CCD

where T~! is obtained by removing 7;, B, and By; from T for each k,l € I,
k.l # 1.

If part. By contradiction. Assume that T/ =, j : C C D and T }&. j :
CCD.If T j:CLC D then there is a distributed model J of T in which
CTi g D%, Let 37* be obtained from J by removing Z; and r;;, and 7; for all
k # i. Since J is a model of T, J~% is a model of T~ (this follows directly from the
construction). However C% "~ = C% and D% " = D% and hence €%~ ¢ D% .
This implies that T £, j : C C D but we have assumed the contrary.

Only-if part. By contradiction. Assume that T =, j: C C D and T% }£, j :
CCD.IfT % j:CLC D, there is a distributed model 3=¢ of T~¢ in which
ot ¢ D% Let J C I be the set of nodes reachable from i by some directed
path in Gg. Let J be the following distributed interpretation of ¥:



I, =1, for each m € I\ J;
Iy = I¢ for each m € J;
T = Tt i myn € T\ J;

Trn = 0 if either m € J or n € J.

- Lo

We now show that J is a distributed model of ¥. In order to demonstrate this,
we need to show that local axioms and bridge rules of ¥ are satisfied by J, and
that the domain relation of J satisfies the restricted compositionality condition.

Local axioms. For any m € I, each local GCI axiom ¢ =m : G C H must be
satisfied by Z,,. If m € J then Z,, is a hole, which satisfies any local CGI
axiom, and hence it also satisfies ¢. If m € I\ J then Z,, = Z.%, which
satisfies ¢ because J7¢ is a distributed model of T~% and ¢ occurs in 7, °
since T, = T, "

Bridge rules. Given m,n € I and a bridge rule b that maps from m : G
to n : H, we must show that b is satisfied by J. We distinguish between
several cases. First, if m,n ¢ J, then b is satisfied by J because 7, (sz) =
ri (GTm'), Ho» = H%', and b is satisfied by 37%. The case when m € .J
and n € I'\ J is impossible, because there is a bridge rule from m to n and
hence if m belongs to J, n must also belong to J. In all remaining cases
n € J. In this case it follows that 7., (GIm) = () and H?» = (), because
Tmn = 0 and Z,, is a hole. In such a case however J satisfies ¢.

Restricted compositionality. Let k,m,n € I be three mutually distinct in-
dices such that there exists a directed path from k to m in Gg and another
one from m and n. We must now show that r5,, 07, = Tkn. If none of k, m,n
belongs to J, then the fact that rg, = r,;fl, Tmn = Tyb, and ry, = rk_ri im-
plies that 7., © Tyn = Tkn. If k € J, then the fact that ry,, = 0 and r, = 0
implies that 75, © rypmn = Ten. If m € J then necessarily also n € J since
there is a directed path between these two nodes in Gg. But n € J implies
that 7., = Tkn = 0, thus implying 7, © Tyn = Tkn. Finally if n € J then
again Ty, = Trn = 0, and SO Tkm © Tin = Tkn-

And so we have showed that J is a distributed model of ¥. However, since
there is no directed path from i to j in Gg, it follows that j ¢ J and hence
I, = Ij_i and hence C%i ¢ DZ%i. This in turn implies that T [£. j : C C D, but
we have assumed the contrary. ad

And so we have showed that this restricted form of compositional consistency
does not break directionality. Unfortunately, still there are some undesired effects
that this restriction poses on the semantics as demonstrated by the example
below.

Ezample 6. Consider distributed a TBox ¥ with index set I = {1,2,3} and a
set of bridge rules B, such that 71 = {T E L}, 73 = 0, T3 =  which contains
bridge rules:

2:E%1:F, 1:G=3:H

)



Since 77 is inconsistent, the only admissible interpretation is a hole, and so
due to compositional consistency, even in the restricted case, ro3 = ). Hence
T e 3: D C L. If local inconsistency would hold, then for each J C I, 3 ¢ J we
must have T(e;) F=q 3: D C L. Similarly as in Example[3] for J = {1} this does
not hold, as T(e;) admits a d-model J with A2 = C?2 = {z}, ATs = DT = {y},
ro3 = {(z,9)} and 732 = (), for which J &4 3: D C L since D2 # ).

In this section we have examined and evaluated the approach of applying the
compositional consistency restriction in DDL in order to improve subsumption
propagation (Homola |2008]). We have showed that while subsumption propa-
gation is indeed improved, there are also undesirable consequences of such an
approach, the directionality and the local inconsistency properties are violated.
In order to retain directionality we have verified two options. First, falling back
from computational consistency to transitivity which amounts to less subsump-
tion propagation but all desired properties of DDL are retained. And second,
applying compositional consistency more cautiously, only if the local ontologies
that are involved are connected by some directed path of bridge rules. The sec-
ond approach provides just the same level of subsumption propagation as the
semantics under unrestricted compositionality and also retains directionality but
as we have just seen it still violates the local inconsistency property.

Summing up, with respect to the current state of the art, the semantics
of DDL with transitive domain relation provides a reasonable compromise. It
ensures subsumption propagation along chaining onto-bridge rules in scenarios
that instantiate Theorem [5| Propagation of subsumption under chaining into-
bridge rules is not granted, but all desiderata postulated for DDL, including
transitivity and localized inconsistency are satisfied. In the next section we look
at reasoning with this semantics.

4 Distributed Tableaux Algorithm for transitive DDL

In this section, we introduce a distributed tableaux algorithm for deciding sat-
isfiability of concepts with respect to an acyclic distributed TBox for DDL over
ALC under the transitivity requirement. As much as in the original algorithm
(Serafini et al.[2005)), also in our approach, local reasoners are run independently.
We keep precise track of the domain relation r however, and the communication
between local reasoners is divided into multiple queries. Hence while the original
algorithm can be seen as working with autonomous local tableaux by passing
queries, our algorithm can be seen as working with a truly distributed tableau.

Definition 12. Assume a distributed TBox ¥ = ({T;}ier,B) over ALC with
index set I, concept names Ng = UZ-GI N¢; and role names Nr = UZ—GI Ng;-
Let CC; be the set of all (atomic and complex) concepts over Ng; and Ng; in



negation normal form. A distributed completion tretﬂ T = {Ti}ier is a set of
labeled trees T; = (V;, E;, Li, 1), such that for each i € I:

1. the trees {{V;, F;)}ier are mutually disjoint;

2. the labeling function L; labels each node x € V; with L(z) C 2°% and each
edge (x,y) € E; with L({x,y)) € Ngy;

3. the labeling function r; labels each node x € V; with a set of references to its
r-images ri(x) C{j:y|je Il Ny eV}

During the run of the tableaux algorithm, tableaux expansion rules are ap-
plied on the completion tree and the tree is expanded by each rule application.
If no more rules are applicable any more, we say that the completion tree is
complete. There is a clash in the completion tree T if for some x € V; and for
some C € N¢; we have {C,~C} C L;(z). If there is no clash in T then we say
that T is clash-free. In order to assure termination we use the standard subset
blocking technique that is common for ALC. Given a distributed completion tree
T = {T;}ic1, a node & € V; is blocked, if it has an ancestor y € V; such that
Li(z) € L;(y). In such a case we also say that x is blocked by y. A node y € V;
is said to be an R-successor of x € V;, if (x,y) € E; and L;({x,y)) = R.

The distributed tableaux algorithm for deciding satisfiability of concepts with
respect to a distributed TBox takes a distributed TBox ¥, a concept C' in NNF
and ¢ € I as its inputs. The algorithm then continues in three steps:

1. Ingtialization. Create a new completion tree T = {T}},e; such that T; =
{s0},0,{so — {C}},0) for j =i and T} = (0,0,0,0) for j # i.

2. Tableau expansion. Apply the tableaux expansion rules of Fig.[§exhaustively.

3. Answer. If none of the tableaux expansion rules in Fig.[§]is applicable any
more (i.e., the completion tree is now complete), answer “C' is satisfiable” if a
clash-free completion tree has been constructed. Answer “C is unsatisfiable”
otherwise.

Below we present a formal correctness proof for the newly introduced algo-
rithm. The proof is based on the classic proof for ALC as in fact the only new
thing to prove here is that the algorithm uses the Z-rule and the 5-rule to
combine several autonomous local ALC reasoners correctly. The proof is done in
three parts. We first prove termination: on every input the algorithm always ter-
minates and never ends up in an infinite loop; then soundness: if the algorithm
answers that C' is satisfiable with respect to ¥ for some i-local concept C and
a distributed TBox ¥ then there actually exists some model of ¥ that supports
this; and finally we prove completeness: for every concept C' that is satisfiable
with respect to ¥ the algorithm indeed gives a correct answer.

Theorem 10. Given a distributed TBox T over ALC with acyclic bridge graph
Gz and an i-local concept C on the input, the distributed tableauz algorithm for

4 We prefer the usual naming, and we use the name distributed completion tree even
if technically it is no longer a tree but rather a forest, that is, a graph composed of
several isolated independently rooted trees.



M-rule:

If CiNCs € L;(x) for some x € V; and {C1,Ca2} g_ L;(x), and
x is not blocked,

then set £;(x) = L;(z) U{C1,C2}.

L-rule:

If C1 UCs € Li(x) forsome z € V; and {C1,C2} N L;(X) =0,
and z is not blocked,

then eitherset £;(x) = L;(z)U{C1} orset L;(z) = L;(z)U{C2}.

V-rule:

If VR.C € L;(x) for some z € V;, and there is R-successor y of x
s.t. C ¢ L;(y), and z is not blocked,

then set £,;(y) = L;(y) U {C}.

F-rule:

If 3R.C € L;(x), for some = € V; with no R-successor y s.t.
C € L;(y), and z is not blocked,

then add new node z to V;, add the edge (z,z) to E;, and set
Li(2) = {C} and Li((, 2)) = {R}.

T -rule:

IfCC D e T and forsome z € V; nnf(-C U D) ¢ L;(z), and x
is not blocked,

then set £;(z) = L;(x) U {nnf(-C U D)}.

%-rule:

If G € L;(x) forsome z € Vj, i : C 32 j:G e B and there is
noy € V;st.C € L;(y)and j:x € r;(y), and z is not blocked,
then add new node y to V; and set £;(y) = {C}, and set r;(y) =
{72} ur;(a).

S-rule:

If D€ Li(x) forsomez € Vi, i: D 5 j: H € B and there is
yeVyst. j:yeri(xz)and H ¢ L;(y)

then set £;(y) = £;(y) U{H}.

Fig. 8. Tableaux expansion rules for DDL over ALC under the transitivity require-
ment. First five rules are standard ALC tableaux rules. Note that the Ll-rule is non-
deterministic. The final two rules are new and are triggered by bridge rules.



deciding satisfiability of concepts with respect to a distributed TBox over ALC
for DDL with transitive domain relation always terminates and it is sound and
complete.

Proof. Termination. Given a distributed TBox € with local TBox 7; and an
i-local concept C', we ought to prove that the algorithm, once started with ¥, C
and ¢ on input, eventually terminates. The algorithm initializes the completion
tree to T = {Tj}jer such that T; = ({so},0,{so — {C}},0) for j = i and
T; = (0,0,0,0) for j # i. The computation then continues by expanding 7;. If
there are no onto-bridge rules ingoing into 7; the algorithm eventually terminates
thanks to subset blocking, this result is known for ALC. If there are some ingoing
onto-bridge rules then possibly in some x € V; such that C € £;(x) and C
appears on a right hand side of an onto-bridge rule, say k: D 2 i : C, the 2-
rule is applied and computation is triggered in Tj. By structural subsumption we
assume that this computation eventually terminates (the length of the longest
incoming path of onto-bridge rules decreased for 7; compared to 7;, and all
such paths are finite because of acyclicity). During this process we possibly get
some new concepts in £;(z) that are introduced thanks to incoming into-bridge
rules that trigger the 5-rule — but only finitely many. The computation now
continues in z and its descendants and possibly the Z-rule is triggered again
in some y € V;, a descendant of z. But thanks to subset blocking, this happens
only finitely many times. Hence the algorithm eventually terminates.

Soundness. Now that we know that the algorithm terminates, we shall prove
that if it answers “C' is satisfiable” on input ¥, C' and ¢, then it also holds that C
is satisfiable in 7; with respect to ¥, that is we must show that in such a case there
exists a distributed model J of T such that C%¢ # (). Given T, C and i and let T be
the complete and clash-free completion tree that the algorithm has constructed
to support the decision. Let us construct the distributed interpretation J as
follows:

1. Let A% =V, for each i € I.

2. Let € A%i| for each atomic concept A € L;(x), for each z € V; and each
1€l

3. Let (x,y) € R% for each (x,y) € E; such that £;((x,y)) = R, for each i € I,
if y is not blocked.

4. Let (z,2) € R% for each (z,y) € E; such that £;((x,y)) = R, for each i € I,
in case that y is blocked by z.

5. Let r;;(x) =y for each x € V; and for each j : y € r;i(x).

Please observe that if computation was never triggered within some Tj; of T’
during the run of the algorithm, then Z; = Z¢. It remains to show that J is in
fact a model of T and CZi # (). We will first prove the following proposition:

Given any i € I, for each F € L;(z) (i.e., also for complex concepts) we
have z € E%:.

This is proved by induction on the structure of F. We need to consider the
following cases:



. E is atomic. We know that z € EZ¢ from the construction.

2. E = —F;, E; atomic. Since T is clash-free, F1 ¢ £;(z) and by construction
x ¢ FEy%. In that case however © € BT = A\ By%i,

3. E = FE1 M Es. Since T is complete, the M-rule is not applicable and hence
also Ey € L;(z) and F5 € L;(z). By induction we now have that z € E L
and x € EQI" and hence also x € EZi.

4. EF = E1 U E5. Since T is complete, the Ll-rule is not applicable and hence
either Ey € L;(x) or Ey € £;(x). By induction we now either have z € E;%
or we have z € EQL'. In either case however also = € EZ:.

5. E = dR.E;. Since T is complete, the 3-rule is not applicable and hence
there must be y € V;, an R-successor of x such that Fy € £;(y). By induction
y € E1% and by construction of J (z,y) € R%. But that means that z € E%:.

6. £ =VR.FE;. Since T is complete, the V-rule is not applicable and hence for

every y € V;, an R-successor of z, we have F; € £,;(y). By induction y € BT

and by construction of J (z,y) € R%:. But that means that x € E%:.

—_

Thus we have verified that the local interpretation Z; is indeed an ALC
interpretation and that C has an instance in this interpretation (since C' €
L;(s0)). In addition we have in fact also proved that each i-local GCI axiom
E, C E, is satisfied by Z; — from the completeness of T, nnf(—FE; U Es) € x, for
each z € V;, and hence z € (nnf(—E; )™ U By It follows that 2 € By % implies
X € EQL.

It remains to show that J is indeed a distributed model of ¥ in the adjusted
semantics. First, all the bridge rules must be satisfied. Given an onto-bridge rule
k:FEy 2 1: E, € B, we ought to show that ry (Ell’“) D EyF. So let z € ExT,
that is 2 € Vj and FEy € £;(x). But T is complete, 3-rule is not applicable, and
hence there must be y € Vi with Ey € Li(y) and [ : € r4(y). That means
however that y € Fy%* and (x,y) € rr, and so & € 1y (E1I’“). Therefore the
bridge rule is satisfied by J.

Given an into-bridge rule k : E; 5 I : Fy € B, we ought to show that
TLi (Elz’“) C Byl Letz € riy (Elz’“). Then there isy € Vi such that ! : « € ri(y).
But since T' is complete, it must be the case that Es € £;(x) and hence z € EgIl.
Therefore the bridge rule is satisfied by J.

The last thing in order to verify that J is indeed a model of ¥ is to show
that J satisfies the transitivity requirement. We ought to show that for each
k,l,m € I, if y € riy(x) and z € 7, (y) then also z € rgy,(x). Given the two
assumptions we know by construction that [ : y € rip(zx) and m : z € r(y).
That means that = € Vi was initialized after several “chained” applications of
the 2-rule starting from y € V; and y in turn after several “chained” Z-rule
applications starting from z € V,,. In that case however r;(y) C ri(z). Hence
m: z € rp(z) and so z € ri, ().

And thus 7 is a distributed model of ¥ that satisfies the transitivity condition
and CTi # () — in other words, C is satisfiable in 7; with respect to T.

Completeness. Given ¥ with index set I, a concept C' and ¢ € I such that C
is satisfiable in 7; with respect to €, we shall prove that the algorithm answers
“C' is satisfiable”, if run on input €, C' and i. Let J be a distributed model of



T with C% # (), we know that one must exist. We will simulate the run of the
algorithm. During the initialization T; is set to ({so},0, {so — {C}},0) and all
the other T}, ¢ # j, are set to (0,0,0,0). There is no clash in 7. We will show
by induction (on the number of tableau expansion steps) that after each tableau
expansion step the completion tree T' is expanded in such a way that no clash is
introduced. In order to demonstrate this, we inductively construct an auxiliary
mapping 7 : U;e; Vi = U;er A% to track the relation between J and T'. This
mapping will keep the property (x):

For each node z € V;, for each i € I: if C' € £;(x) then 7(z) € C%i.

Let = be an arbitrary member of C%¢, place 7(s¢) = . So, if a tableaux expan-
sion rule is triggered in some x € V; of the clash-free completion tree T (from
induction hypothesis), we consider several cases, based on the kind of rule that
was triggered:

1. M-rule is triggered in  because E1 M Ey € L;(x). Then by induction hypoth-
esis w(z) € FEy M Ey™ . In that case also n(z) € E1% and 7(z) € Eo¥, and
hence the property (x) is maintained after the algorithm adds F; and Fs to
L;i(x).

2. U-rule is triggered in x because E; U Es € L;(x). Then by induction hy-
pothesis w(x) € E; U FyZi. In that case however either (x) € E%oor
m(z) € By, Without loss of generality let it be the case that m(x) € E%.
Without loss of generality we assume that the algorithm adds F; to £;(x),
as a non-deterministic decision takes place. Hence the property (x) is main-
tained after this step.

3. F-rule is triggered in = because it has an R-successor y, and IR.E; € L;(x).
Then 7(z) € IR.E;** and so there is some ¢/ € A% such that y' € E;% and
(m(x),y’) € R%. When the algorithm generates a new node y in this step we
set m(y) = v’ and the property (*) is maintained.

4. V-rule is triggered in x because it has an R-successor y, and VR.E; € L;(x),
as a consequence Ej is added to £;(y). We know that y was created by an
application of the J-rule and hence 7 (y) is an R-successor of x in Z;. But Z;
is a model of 7; and hence 7(y) € y%* since from induction hypothesis we
know that 7(z) € VR.E;X". Hence (%) is maintained after this step.

5. T-rule is triggered in z, resulting to adding nnf(—F; U Es) into L;(x).
Then (*) is maintained as Z; is a model of 7; and so it holds that 7 (z) €
(nnf(~E; U By))™.

6. 2-rule is triggered in = because Ey € Lij(x) and j : By 2 i : Fy € B.
From induction hypothesis, 7(z) € Ey”, and hence m(z) € 7j;(y’) for some
y € Ey%. Set w(y) = o/ for the node y that is newly created in V; as the
result of this expansion step. The label £;(y) has been set to E; but since
Y € Ey% then (%) is maintained.

7. S-rule is triggered in x because of Ey € L;(z), j :y € ri(x) and i : B} §
J : Ey € B, resulting to adding Fs into £;(y). From induction hypothesis
have 7(z) € E;7". Observe that the definition of 3-rule and the inductive
construction of 7(+) in previous steps also assure that j : y € r;(x) implies



7(y) € ri;(w(x)). This is because initialization of new y € V; always follows
incoming r-edge and r is transitive because of computational consistency. It
follows that 7(y) € Ey%i | since 7 is a distributed model of ¥ and the bridge
rule assures this. Hence (x) is maintained even after this step.

We already know that the algorithm always terminates. Once this happens,
it follows that T' is now complete, because no rule is applicable, and clash-free,
because the property (*) is maintained all the way up to this point. Hence the
algorithm answers “C' is satisfiable” and hence the theorem. O

The algorithm for the original DDL semantics of (Serafini et al.|[2005) is
obviously truly distributed in the sense that it supports a scenario in which
several autonomous reasoning services run independently, one for each local
ontology, and communicate by passing queries. While this is also the case for
the newly introduced algorithm, it is not necessarily that obvious. In order to
clarify this, we provide a message protocol that handles 2-rule and S-rule
execution in a truly distributed fashion, and it also collects the information
that the completion tree is complete within the reasoner that has initialized the
computation. The algorithm employs three kinds of messages querySat(zx,r, C),
answerSat(z, C, answer), and pushConcept(z, C). In the message based version,
the algorithm starts by initializing the local completion tree T; when asked
for satisfiability of some j-local concept C' with respect to . More local com-
pletion trees are initialized during the runtime by passing a querySat(z,r,C)
message every time the 2-rule is fired. When 5-rule is fired, the consequences
of the into-bridge rule are propagated by passing a pushConcept(z, C') message.
Once a local completion tree T} is complete this is announced by passing a
answerSat(z, C, answer) message to the local reasoner that has triggered the
computation in 7. Detailed specification of the protocol messages is given in

Fig.[0l

5 Related Work

A distributed tableaux reasoning algorithm for the original semantics of DDL
has been introduced by |Serafini & Tamilin| (2005)), [Serafini et al.| (2005) and
implemented in the system DRAGqﬂ This algorithm is based on a fix-point
characterization of the original DDL semantics. Given a set of bridge rules B;;
between 7; and 7;, define the operator B,;(-) as follows:

ﬁ':AEUBka

" k=1

By(T) = GC| |He | i:43j:GeBy,
k=1

’L'ZBk%j:H}cE%ij7

1<k<n

> DRAGO Reasoner homepage: http://drago.itc.it/|.
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querySat(z, r, C):

Send: if G € £;(x) forsome 2 € V;,i:C = j: G € B, and z is
not blocked, pass the message querySat(x, r;(x), C) to T;.
Receive: upon receipt of a message querySat(z, r, C) from T, create
new completion tree ({so}, 0, {so — {C}},{so — {i:z}Ur})
within T); and start the computation. Record the sent message in
Sj.

answerSat(z, C, answer):

Send: if the local completion tree for concept C' within T}, that
has been initialized due the message querySat(z, r, C) previously re-
ceived from T3, is now complete, and there are no outgoing messages
recorded in S, send the message answerSat(x, C, answer) to T;
with answer set to true if T} is clash-free and to false otherwise.
Receive: upon receipt of a message answerSat(z, C, answer) from
Ti, remove the message querySat(z,r, C') from S;, that has been
previously send to T;. If answer is false then add EM—E to L;(x)
for some new concept name E.

pushConcept(z, C):

Send: if D has been added to £;(z) in the previous step, for some
rEVj,thenforeachj:Dgi:HE%s.t.i:yerj(z)send
the message pushConcept(y, H) to T;.

Receive: upon receipt of a message pushConcept(z, C') from T;, add
C to Ej (LE)

Fig. 9. The message protocol for the newly introduced distributed tableaux algorithm.
For each kind of message we specify when the message is sent from some local reasoning
service T; and also what happens when the message is received in some local reasoning
service Tj (T} is always the local reasoning service). An auxiliary data structure S; is
introduced in each T} in order to track messages that have been sent in order to assure
termination.



Consequently another operator, denoted by ‘B, is defined:

B ({7;}1‘6[) =q7Tiu U B;i (T5)
J#i

As showed by (Serafini et al.|2005)), the 2B operator always has a fix-point B*(%)
when repeatedly applied on a distributed TBox ¥. Moreover, ¥ = i : ¢ if and
only if the i-th component TBox of B*(¥) locally entails ¢. Consequently, the
standard SHZQ tableaux reasoning algorithm (Horrocks et al.|1999) is used with
one additional bridge rule (see Fig.. The unsatisfiability check called by B;;-
rule is done by running the same algorithm again for the ¢-concept that is being
checked. Compared to the algorithm introduced in this paper, this algorithm
does not keep track of the domain relation r and does not in fact construct a
true distributed tableau that would correspond to a particular distributed model
of the input concept. Instead it cleverly uses the fix-point characterization and
constructs multiple local tableaux in order to guarantee the existence of such a
model. Most prominently, all consequences that are added to the triggering node
if the unsatisfiability check is successful are estimated prior to the unsatisfiability
check is executed. In contrast, in our approach computation in remote ontology is
triggered by one message and consequences are announced back to the triggering
node once they are computed, possibly by several independent messages. We
believe that keeping precise track of all model structures, including the domain
relation and dividing the communication into more fine-grained messages may
provide better grounds for future optimization. In a sense we may conclude, that
in the way how calls are made to the remote tableaux, the original algorithm
by |Serafini et al.| (2005) resembles more a black box approach, whereas the
newly introduced algorithm is more like a glass box approach. Another significant
difference between the two algorithms is unlike the newly introduced algorithm,
the original one is able to handle cyclic bridge rules; a blocking strategy that
is employed to achieve this was described by |Tamilin| (2007, Sect.5.3.4, p.91).
Finally, it is worth noting that the newly introduced algorithm is easily adjusted
to correspond to the original DDL semantics (by setting r;(y) to {j : } and not
to {j : 2} Ur;(z) in the S-rule).

%,;j—rule:

fGeLj(x),i:ASj:HEBy,,

BH C {(Bk, Hg) |i: Bx 57 : Hi € By},

B ={B|(B,X)€ BH}, H={H | (Y,H) € BH}, H ¢
£;(a)

and A M —| | B is unsatisfiable w.r.t € in T;

then set £;(z) = L;(x) U{|JH}.

Fig. 10. The tableaux expansion rule used in the original DDL algorithm (Serafini &
Tamilin|2005)).



Another distributed ontology framework is called £-connections (Cuenca,
Grau et al[2004). Here, inter-ontology roles (called links) are employed instead
of concept mapping. A dedicated set of symbols ¢;; is used for (directed) links
between 7; and 7;. Links are then used in existential and value restrictions, and
complex concepts involving links are formed (for instance the i-concept IE.C is
composed using the link E € ¢;; and the j-concept C'). Semantically, a combined
interpretation consists of local interpretations Z; with non-empty domains A%
and each link E € ¢; is interpreted by ET C A% x AL, Reasoning support
for £-connections is provided by extending the tableaux reasoning algorithm for
SHIF(D). The two tableaux rules that are essential to handle links are depicted
in Fig.[T] There is a notable correspondence between the 3j;,,-rule and our %—
rule and also between the Vy;,;-rule and our 5—rule. This is not that surprising,
given the known correspondence between DDL and E-connections (Kutz et al.
2004]). Given the nature of £-connections the Vy,,-rule works exactly the other
way around, compared to our 5-rule, and in this respect the instantiation of
a j-tree by one application of the dj,;-rule and possibly multiple applications
of the Vjni-rule resembles an unsatisfiability check call from the B;;-rule of the
original DDL algorithm. Remarkably, the exact mechanism how this happens
within the £-connections algorithm seems to be more transparent and prone to
optimization. The algorithm introduced in this paper in addition keeps track on
the domain relation, which is needed to handle subsumption propagation along
chains of bridge rules. There is no domain relation within £-connections, and
hence no need for such a feature.

Fjink-rule:

If 3E.C € Li(x), E € €5, x is not blocked and x has no E-
successor y with L({z,y,)) = {E},

then create a new E-successor (a j-node) y of x with £;(y) = {C}.
(The new j-tree rooted in y will not be expanded until no more rules
apply to the i-tree.)

Vink-rule:

fVE.C € Li(z), E € €;;, « is not blocked and there is an E-
successor y of x such that C ¢ L;(y)

then set £ (y) to £;(y) U{C}.

Fig. 11. The tableaux expansion rules of the algorithm for £-connections (Cuenca Grau
ct al)[2004).

Yet another point of view on distributed ontologies is offered by Package-
based description logics, or P-DL (Bao et al.|[2006). In P-DL, the intuition of
importing is pursued: every concept name belongs to some local ontology, but
can be also imported to and used by other ontologies in the system. The P-DL
semantics uses domain relations. In contrast to other approaches, only one-to-one
domain relations are allowed and also compositional consistency (that we have
borrowed and applied on DDL) is required. Local domains in P-DL semantics
are viewed as partially overlapping, and not disjoint. As a result, some of the



problems known for DDL, such as restricted knowledge propagation between
remote ontologies, that we also address in this paper, are not an issue for P-DL
according to Bao et al.| (2006). On the other hand, in P-DL reasoning over a
distributed ontology is always equivalent to reasoning over the union of local
ontologies, which is not a goal of DDL. The distributed tableaux algorithm for
P-DL is introduced by Bao et al,| (2006). It uses ALC as local language and
requires acyclic importing relation. It uses message-based protocol, similar to
the ours, and keeps track of the domain relation. Since imported concepts may
appear anywhere in the importing ontology, messages are invoked directly from
the adjusted ALC-tableaux rules.

A completely different approach to distributed ontology reasoning is taken by
Schlicht & Stuckenschmidt| (2008)), where distributed reasoning algorithm based
on resolution techniques is introduced. Yet another distributed ontology frame-
work called Integrated Distributed Description Logics (IDDL) is introduced by
Zimmermann| (2007)), a reasoning algortihm based on reduction to multiple DL
knowledge base that are checked for consistency independently is described by
Zimmermann & Le Duc| (2008]).

6 Conclusion

In this paper we studied possible adjustment of the standard semantics for DDL
in order to improve subsumption propagation between remote ontologies. This
can be seen as a completion of the earlier work of Homola| (2008). After an
analysis of the properties that are (not) enjoyed by the different alternatives,
we found that the most appropriate extension is the one that satisfies the so
called transitivity condition. For this extension we develop a distributed tableaux
reasoning algorithm that would decide satisfiability of concepts and subsumption
with respect to the adjusted semantics. The algorithm that is introduced in this
paper handles chaining onto-bridge rules correctly, but it is unable to cope with
chaining into-bridge rules.

As in the case of the tableaux algorithm that is known for the original seman-
tics (Serafini et al|[2005), the newly introduced algorithm is also fully distributed
and it permits the scenario where every local ontology is governed by an au-
tonomous reasoning service and these services communicate by passing queries.
The local reasoner that has started the computation collects all the answers and
makes the final decision at the end. To demonstrate this fact more clearly, we
have provided a message-based protocol for the algorithm. Besides the fact that
each of these algorithms works under a different semantics, the main distinguish-
ing feature of the newly introduced algorithm is that communication between
local reasoners is divided into multiple messages. Computation is sparked in a
remote reasoner at some point and both reasoners continue to run independently.
If subsumption propagation is proved by the remote reasoner, the local reasoner
is acknowledged by a message. We believe that such behaviour may serve as a
base for more fine-grained optimization in the future.



The two most prominent open issues put forward by this paper are: extending
the algorithm so that it would handle the DDL under compositional consistency
semantics in full extent, that is, dealing also with chaining into-bridge rules; and,
extending the algorithm towards more expressive DL, since the current version
only supports ALC as the local representation language and requires acyclic con-
cept mapping. Computational handling of distributed knowledge bases in which
the concept mapping is not necessarily acyclic is an interesting problem, which is
to our best knowledge still unresolved also for the original DDL framework. Re-
maining research problems that are closely related to this work include practical
evaluation of the algorithm by implementation, complexity analysis for the deci-
sion problems, and combining, within a unified framework, the current approach
with that of Homola (2007)), which has addressed the problem of interaction
between bridge-rules in DDL.
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