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Abstract. While there has been a great deal of work concerning dis-
tributed reasoning with ontologies, in most cases either only TBox rea-
soning is concerned, or ABox reasoning is supported for languages of
limited expressivity. To a greater extent than other representation frame-
works, the proposed EDDL

HQ+ SHIQ framework allows peers to establish
concept-to-concept semantic correspondences to acquaintances’ ontolo-
gies via bridge rules, and relate individuals by equivalence correspon-
dences or link assertions for the SHIQ fragment of Description Logics.
The paper presents EDDL

HQ+ SHIQ and proposes an algorithm for the
retrieval of individuals in a distributed setting.

1 Introduction

In this paper we study settings where heterogeneous, connected peers (i.e. peers
with distinct and independently developed ontologies) aim to combine their con-
ceptual and assertional knowledge towards the distributed retrieval of instances.
To do so, we need to establish semantic correspondences between concepts and
interlink instances from the different ontologies. Several applications can benefit
from the combination of the distinct ontologies located in peers. This may also
be the case for peers that may decide to modularize their knowledge, so as to
enhance their reasoning performance.

Intrigued to provide a solution for such settings, we propose the EDDL
HQ+ SHIQ

representation framework. This framework, to a greater extent than other frame-
works/languages for distributed reasoning with distinct ontologies, allows
subjective semantic correspondences to be applied between concepts, allows
equivalence correspondences between pairs of individuals and it provides a spe-
cial type of roles, namely links, which relate individuals in distinct ontologies.
Links can be transitive or applied to cardinality and qualitative restrictions, be
applied to existential and universal restrictions, as well as hierarchically related
to other relations. EDDL

HQ+ SHIQ has been inspired by Distributed Description

Logics, originally introduced by [1] and E-connections [4]. The framework there-
fore naturally inherits the semantic constructors available in these frameworks
for the conceptual and assertional part of the ontology and places further re-
strictions so as to preserve decidability, and distinguish clearly between repre-
sentation cases.
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This paper presents the EDDL
HQ+ SHIQ framework and discusses idiosyncrasies

of that framework for distributed information retrieval. Finally, it presents an
algorithm for retrieving instances in distributed settings of interconnected het-
erogeneous peers.

2 A Motivating Scenario

To clearly consider the issues that the proposed framework aims to address,
we assume the ontology for the centralized semantic information system (SIS)
presented in [11]: SIS aims to support the location of markets that trade com-
putational resources in a democratized grid or cloud environment. The concepts
in the ontology describe the different types of markets that agents may partic-
ipate in, the different types of agents that participate in these markets, as well
as the types of resources. Aiming to a distributed implementation of SIS, par-
ticipating peers may possess this ontology, or parts of this ontology according
to subjective priorities, expertise or interests. This may result to any arbitrary
decomposition of the formalized information. Alternative conceptualizations of
the domain elements are also possible between different peers.

In this setting we require peers to combine their knowledge about markets
and tradable resources (i.e. resources advertised and requested in markets) and
retrieve instances with specific characteristics. Thus, the problem is that, given
a query Q formalized as a concept in any of the peers, retrieve all instances of
Q that are implied by the distributed knowledge base (i.e. implied by all of its
models). The problem that this work addresses, concerns combining heteroge-
nous knowledge bases so as peers to retrieve instances effectively.

3 Related Work

There are several prominent works presented for efficient reasoning over large
(trillions of triples) knowledge bases. The majority of the methods apply the
same idea: construct an abstraction from the specifications of these triples, and
use it for reasoning. The abstraction can be either a product of Map-Reduce
tasks e.g. [8], or be a summary ABox [2]. Such methods can be complementary
to the proposed framework, so as to make reasoning efficient, locally to each
peer.

Among the frameworks that can apply distributed reasoning at the assertional
level, we distinguish [12] which separates the assertional part of the ontology into
modules. The method however cannot support qualified cardinality restrictions
and the expressivity has upper bound to SHI. DDL is another framework that
clearly supports instance retrieval for SHIQ [10]. Reasoning is performed by
tableaux algorithms in each peer, and subsumptions, as well as instances’ spec-
ifications are propagated via semantic correspondences. This means that the
framework is applicable to ontologies with overlapping domains, where there are
no further relations between pairs of instances beyond (unrestricted) correspon-
dences. As shown in Section 6, extending the framework with relations between
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instances in different ontologies, and restricting correspondences to equalities
between instances, as it is done in EDDL

HQ+ , the retrieval task is getting more
complicated. Furthermore, as far as we know, there is not any work describ-
ing distributed instance retrieval for E-connections: This totally resides on local
means, which is also justified by the assumption that ontologies cover distinct
domains.

In addition to the above, we emphasize on the “locality” of knowledge: Peers
must not be forced to share their axioms and assertions with others, and dis-
tributed reasoning must result from combinations of local reasoning chunks per-
formed in distinct ontology units.

4 Introduction to EDDL
HQ+ SHIQ

Preliminaries : In this section we present preliminaries on SHIQ, Distributed
Discription Logics and E-connections.

Let NC be a set of concept names, NR be a set of role names and NO the
set of individual names. Let Inv(R) denote the inverse role of R and (NR ∪
{Inv(R)|R ∈ NR}) be the set of SHIQ-roles. The set of SHIQ-concepts is
the smallest set constructed by the constructors in Table 1. In order to preserve
decidability, number restrictions are restricted to simple roles only, i.e. roles that
are neither transitive nor they have any transitive sub-roles. An interpretation
I = 〈ΔI , ·I〉 consists of a non empty domain ΔI and the interpretation function
·I which maps every concept to a subset of ΔI and every role to a subset of
ΔI ×ΔI .

Table 1. SHIQ fragment of Description Logics

Atomic Concept CI ⊆ ΔI

Universal Concept �I = ΔI

Bottom Concept ⊥I = ∅
Atomic Role RI ⊆ ΔI × ΔI

Conjunction (C � D)I = CI ∩ DI S
Disjunction (C 	 D)I = CI ∪ DI

Negation (¬C)I = ΔI \ CI

Existential Restriction (∃R.C)I = {x ∈ ΔI |∃y ∈ ΔI , (x, y) ∈ RI , y ∈ CI}
Value Restriction (∀R.C)I = {x ∈ ΔI |∀y ∈ ΔI , (x, y) ∈ RI → y ∈ CI}
Transitive Role I � Trans(R) ↔ RI = (RI)+

Role Hierarchy I � (P � R)I ↔ PI ⊆ RI H
Inverse Role (Inv(R))I = {(x, y)|(y, x) ∈ RI} I
Qualified (≥ nS.C)I = {x ∈ ΔI , ||y, (x, y) ∈ SI ∧ y ∈ CI || ≥ n} Q

Number Restrictions (≤ nS.C)I = {x ∈ ΔI , ||y, (x, y) ∈ SI ∧ y ∈ CI || ≤ n}

Let C and D possibly complex concepts, C � D is called a general concept
inclusion (GCI) axiom. A finite set of GCIs is called a TBox (denoted by T ).
An interpretation I satisfies a GCI C � D if CI ⊆ DI . I satisfies a TBox if it
satisfies each GCI in it. In this case I is a model of this TBox. A concept C is
satisfiable w.r.t. a role hierarchy R and a TBox if there is a model I of TBox
and R with CI �= ∅. A concept C subsumes a concept D w.r.t TBox T and R
if CI ⊆ DI holds in every model of T and R.
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For a concept expression C, a role name R, and the individual names a, b,
assertions are either instance assertions of the form a : C or role assertions
(a, b) : R. Also, a

.
= b, a

.

�= b are individual equality, inequality assertions,
respectively. The finite set of assertions w.r.t. a TBox T and a role hierarchy R
is called ABox.

Distributed Description Logics (DDL) is a framework which allows distributed
reasoning over SHIQ [1], [10]. The intuition of the framework is that concepts
and individuals in an ontology can be mapped to corresponding elements of
remote ontologies. Given a finite index set I, the correspondences between con-

cepts are expressed as onto-bridge rules i : C
�→ j : G, or into-bridge rules

i : C
�→ j : G, where i, j in I denote distinct ontologies, i : C, j : G concepts

in these ontologies and the direction of the arrow denotes the subjectiveness of
the correspondence (i.e. correspondences are under the subjective view of j). For
the assertional part, subjective individual correspondences can be either partial
or complete. Given an instance name ai in a local ABox Ai and b1j , b

2
j , ..., b

n
j in-

stances names in the ABox Aj , a partial individual correspondence (PIC) is an
expression of the form ai �→ bkj , k = 1, ..., n, while a complete individual corre-

spondence (CIC) is an expression of the form ai
=�→ {b1j , ..., bnj }. The distributed

knowledge base is constructed by the local knowledge bases, and the set of bridge
rules and correspondences between mapped elements.

On the other hand, E-connections is a framework which combines represen-
tations in different logics ([5]). Concerning DL, as originally proposed in [4], E-
connections are intended for modelling scenarios where the respective domains
of the ontology units are mutually disjoint, however this assumption has been re-
laxed in [3]. E-connections CE

HQ+(SHIQ,SHOQ,SHIO) may combine ontology
units in any of the SHIQ, SHOQ, SHIO fragments of DL using link-properties.
Link-properties can be hierarchically related, be transitive and, in case they are
simple, be restricted by qualitative restrictions.

For a finite index set I, a set of link-properties connecting concepts in the i
and j units, i �= j ∈ I, is defined to be the set Eij = εij . In case i = j is the set
Eij = εij∪{Inv(E)|E ∈ εji}, where εij are the sets of link-property or role names
that are not pairwise disjoint, but are disjoint with respect to the sets of concept
names. An ij-property axiom is an assertion of the form En

ij � Em
ij , where the

superscript distinguishes link-properties in Eij . An ij-property box Rij includes
a finite set of ij-property inclusion axioms (Rii is the local RBox Ri). The sets
of i-concepts (i.e. concepts specified in the i-th unit) are inductively defined as
the smallest sets constructed using the constructors provided by the local DL
fragment, as well with the link-property specifications’ constructors [4].

The E−connections definition of a combined TBox is a family of TBoxes
T= {Ti}i∈I , where Ti is a finite set of i-concept inclusion axioms. A combined
knowledge base Σ = 〈T,R〉 is composed by the combined TBox T, and the com-
bined RBox R. In addition to instance assertions, assertions between individuals
can be of the form a · Eij · b, where Eij is a property in Eij .

Both DDL and E-connections apply distributed tableau algorithms for decid-
ing concepts’ satisfiability. The algorithms can be found in [9] and [6].
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EDDL
HQ+SHIQ combines the features of DDL and E−connections as follows:

Definition 1. ( EDDL
HQ+SHIQ Syntax) Let I be a non empty set of indexes, for

i, j ∈ I, NCi are sets of concept names and the set of ij-properties’ names is de-
noted by εij, not necessarily pairwise disjoint, but disjoint with respect to the sets
NCi . For i, j ∈ I, the set of ij-properties connecting concepts in the i and j units,
is defined as Eij = εij, and in case i = j is the set Eij = εij ∪ {Inv(E)|E ∈ εji}.
An ij-property axiom is an assertion of the form En

ij � Em
ij , where E

∗
ij are distinct

properties in Eij. Transitive axioms are of the form Trans(E; (i, j)), where E is a
property name defined for the pair of ontology units i, j ∈ I. Such an axiom is a
shorthand for the axiom Trans(E; (i, i), (i, j)) as defined in [6], meaning that E is
a transitive role in i and a transitive link-property connecting i and j.

An ij-property box Rij includes a finite set of ij-property inclusion axioms, plus
all transitivity axioms concerning ij-properties. The combined property box RBox
R contains each of the ij-property boxes. The set of i-concepts, i ∈ I, are induc-
tively defined as in E−connections and cardinality restrictions may hold only for
simple properties.

Finally, semantic correspondences are denoted as bridge rules of concept onto
concept, or concept into concept rules, as already defined.

Definition 2. (EDDL
HQ+SHIQ Distributed Knowledge Base) A combined TBox

is a family of TBoxes T= {T }i∈I , where each Ti is a finite set of i-concept in-
clusion axioms. A distributed knowledge base Σ = 〈T,R,A,B〉 is composed by
the combined TBox T, the combined RBox R, and a collection of bridge rules
B = {Bij}i�=j∈I between ontology units. A distributed ABox A = 〈{A}i∈I , C,L〉
consists of the family of ABoxes {A}i∈I , a collection of individual correspon-
dences C = {Cij}i�=j∈I of the form i : a

=�→ j : b, and property assertions
L = {Lij}i,j∈I of the form a ·Eij · b, where Eij is a property in Eij.

Each TBox Ti, i ∈ I is locally interpreted by a local, possibly hole interpre-
tation Ii that consists of a domain ΔIi , a valuation function ·Ii which maps
every concept to a subset of ΔIi . The ij-property boxes Rij with i, j ∈ I, are
interpreted by valuation functions ·Iij that map every ij-property to a subset of
ΔIi ×ΔIj . Let Iij = 〈ΔIi , ΔIj , ·Iij 〉, i, j ∈ I. A hole interpretation maps any
concept (including the top and bottom ones) to the domain or to the empty set.

Definition 3. (EDDL
HQ+SHIQ Domain relation) A domain relation rij , i �= j from

ΔIi to ΔIj is a subset of ΔIi ×ΔIj , s.t. for each d in ΔIi , rij(d) = {d′|d′ ∈ ΔIj ,

with i : d
=�→ j : d′} and it holds that in case rij(d1) = d′ and rij(d2) = d′, then

d1 = d2. Also, given a subset D of ΔIi , rij(D) denotes ∪d∈Drij(d).

Definition 4. (EDDL
HQ+SHIQ Distributed Interpretation) Given the index I and

i, j ∈ I, a distributed interpretation I of a distributed knowledge base Σ is the tu-
ple formed by the set of local interpretations Ii = 〈ΔIi , ·Ii 〉 for each Ti, the fam-
ily {Iij}, and a set of domain relations rij . Formally, I = 〈{Ii}i∈I , {Iij}i,j∈I ,
{rij}i�=j∈I〉.
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A local interpretation Ii satisfies an i-concept C w.r.t. a distributed knowledge
base Σ , i.e. Ii � C iff CIi �= ∅. Ii satisfies an axiom C � D between i-concepts
( i.e. Ii � C � D) if CIi ⊆ DIi . Also, Iij satisfies an ij-property axiom R � S
(Iij � R � S) if RIij ⊆ SIij . A transitivity axiom Trans(E; (i, j)) is satisfied
by Ii iff EIii ∪EIij is transitive.

The distributed interpretation I satisfies (�d) the elements of a distributed
knowledge base, if the following conditions hold:

1. I �d i : C � D, if Ii � C � D
2. I �d Ti if I � i : C � D for all C � D in Ti
3. I �d i : C

�→ j : D, if rij(C
Ii) ⊆ DIj

4. I �d i : C
�→ j : D, if rij(C

Ii) ⊇ DIj

5. I �d Bij , if I satisfies all bridge rules in Bij

6. I �d R � S, if Iij � R � S, where R � S in Rij

7. I �d Trans(E; (i, j)) if Ii � Trans(E; (i, j)), where Trans(E; (i, j)) in Rij

8. I �d Rij if I �d R � S and I �d Trans(E; (i, j)) for all inclusion and transitivity
axioms in Rij

9. I �d Σ if for every i, j ∈ I, I �d Ti, I �d Rij and I �d Bij .

Definition 5. (EDDL
HQ+SHIQ Distributed entailment and satisfiability) Σ �d

X � Y if for every I, I �d Σ implies I �d X � Y , where X and Y are ei-
ther i-concepts, or ij-properties, i, j ∈ I. Σ is satisfiable if there exists a I such
that I �d Σ. A concept i : C is satisfiable with respect to Σ if there is a I such
that I �d Σ and CIi �= ∅.

The worst case complexity is 2NexpTime w.r.t. the size of the combined TBox
and RBox. Further details on EDDL

HQ+SHIQ can be found in [7].

5 Distributed Instance Retrieval in EDDL
HQ+ SHIQ

The task of instance retrieval in any fragment of Description Logics, is defined
as the computation of the set of individuals that instantiate a given concept.
For the proposed framework EDDL

HQ+ SHIQ, into-bridge rules and individual cor-
respondences provide the means through which information is ”translated” and

transferred between peers. Intuitively, an into-bridge rule i : A
�→ j : B means

that if concept i : A has an individual a, then there should exist an individual
j : b such that (aIi , bIj ) ∈ rij . Formally, given a distributed knowledge base

Σ = 〈T,R,A,B〉, and i : A
�→ j : B ∈ Bij , 〈i : a

=�→ j : b〉 ∈ Cij then
Σ � i : A(a) =⇒ Σ � j : B(b) (locally to i, j).

According to the semantics of a complete individual correspondence (CIC) such
as 〈i : a =�→ j : b〉, the pair of individuals 〈aIi , bIj 〉 belongs to the domain relation rij
and aIi , bIj are the same real-world object. Since equality is a transitive relation,
given Definition 3 the following holds: if 〈i : x =�→ j : u〉, 〈i : y =�→ j : v〉, xIi = yIi

then uIj = rij(x
Ii ) = rij(y

Ii) = vIj under the subjective point of view of j. Sim-
ilarly to the instance retrieval algorithm proposed in [10], we need a transforma-
tion function fij , which transforms individuals from i to individuals of j, such that
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their interpretations respect the semantics of domain relation rij . Formally, given

a bridge rule {i : A �→ j : B}, the distributed knowledge base Σ = 〈T,R,A,B〉,
and fij , then: Σ � i : A(a) =⇒ Σ � j : B(fij(b)). Specifically, fij(x), in case an

individual correspondence 〈i : x =�→ j : y〉 exists, the individual x is mapped to y,
else injects a new individual fij(x) and asserts the respective correspondence.

The representation framework EDDL
HQ+ SHIQ combines CIC and bridge rules,

with link-properties and link assertions. These constructors interact to derive
new knowledge. The instance retrieval algorithm presented in [10] can be ap-
plied only on those logics where the original ABox can be partitioned into a set
of separate ABoxes, where the properties of any individual are specified locally.
Obviously, the presence of link assertions do not allow ABoxes to be indepen-
dently processed.

Similarly to DDL, given a set of bridge rules {i : A
�→ j : G, i : Bk

�→
j : Hk} for 1 ≤ k ≤ n, EDDL

HQ+ SHIQ can propagate subsumption relations

from i-th to j-th module: Σ �d i : A �
⊔n

k=1 Bk ⇒ Σ �d j : G �
⊔n

k=1 Hk.
But, additionally to DDL, reasoning on the conceptual part of the distributed
ontology results to a distributed concept taxonomy that takes into account link-
property specifications as well (a specific example is shown below). The method
DTax(C, Ti) computes the set of concepts that are either equal or subsumed by
concept C in i. The proposed retrieval algorithm for a concept j : Q is as follows:
InstRetrievej(Q)

compute the set DTax(Q,Tj)
retrieve the set of local individuals SQ of Q w.r.t. the distributed taxonomy
for every concept C in DTax(Q,Tj)

for each bridge rule of the form i : D
�→ j : C

compute the set of individuals SD = InstRetrievei(D)
for each individual x in SD compute SQ ← SQ ∪ {fij(x)}

return SQ

As an example we consider a distributed knowledge base constructed by the
following information:

Tj : {CapableT oReason� ∀hasProcessor.QuadCoreCPU},
Aj : {CapableT oReason(myPC), hasProcessor(myPC, i7.sn001)},
Ti : {QuadCoreCPU � CPU},
Bij : {i : CPU

�→ j : Processor},
Cij : {i : i7.sn001 =�→ j : i7.myPC}.

We want to retrieve all the individuals of the concept Processor. The pro-
cess starts by computing the distributed taxonomy. DTaxj(Processor, Tj) re-
turns the set {Processor}. Local reasoning will return the empty set of indi-
viduals, and the process will propagate the query to peer i through the bridge
rule, invoking InstRetrievali(CPU). Peer i will reply with the set of individ-
uals {i7.sn001}: This is the case, since additionally to DDL, the application
of DTaxj(Processor, Tj) for the specification in Tj and the assertion hasPro-
cessor(myPC,i7.sn001) imply that QuadCoreCPU(i7.sn001), which further im-
plies CPU(i7.sn001) in i. The instance i7.sn001 is translated by the fij function
to the i7.myPC, and returned by the algorithm.
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6 Discussion

The proposed algorithm for the representation framework EDDL
HQ+ SHIQ allows

reasoningwith collective knowledge bases with non-emptyABoxes for the retrieval
of individuals. The method inherits from DDL the capability to propagate con-
cept subsumptions across heterogeneous data repositories and in the same time
allows object assertions between distinct ontology units. This leads to the con-
clusion that EDDL

HQ+ SHIQ supports more expressive queries than DDL, while ex-
tending E-connections to reasoning with ontologies covering overlapping domains.

Further work on this framework requires investigating the combination of
ontology units, with more expressive fragments of DL. The framework is imple-
mented using Pellet 2.2.2 and experimental results will be available upon stabi-
lization of the software. Also, the overall system’s performance will be measured
for a variety of peer architectures and organizations.
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