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ABSTRACT

The success of the world wide web can be attributed to the network e ect: The absence of
central control on content and organization of the web allows thousands of independent actors
to contribute resources (web pages) that are interlinked to constitute the web. Recent e orts
to extend the web into a semantic web are aimed at enriching the web with machine inter-
pretable content and interoperable resources and services. Realizing the full potential of the
semantic web requires the large-scale adoption and use of ontology based approaches to sharing
of information and resources. In such a setting, instead of a single, centralized ontology, it is
much more natural to have multiple distributed ontologies that cover di erent, perhaps par-
tially overlapping, domains (e.g., biology, medicine, pharmacology). Such ontologies represent
the local knowledge of the ontology designers, that is, knowledge that is applicable within a
speci ¢ context. Hence, many application scenarios, such as collaborative construction and
management of complex ontologies, distributed databases, and large knowledge base applica-
tions, present an urgent need for ontology languages that support localized and contextualized
semantics, partial and selective reuse of ontology modules, exible ways to limit the scope and
visibility of knowledge (as needed for selective knowledge sharing), federated approaches to
reasoning with distributed ontologies, and structured approaches to collaborative construction
of large ontologies. Against this background, this dissertation develops a family of description
logics based modular ontology languages, namely Package-based Description Logics (P-DL), to

address the needs of such applications. The main contributions of this dissertation include:

The identi cation and theoretical characterization of the desiderata of modular ontology
languages that can support selective sharing and reuse of knowledge across independently

developed knowledge bases;

The development of a family of ontology languages called P-DL, which extend the classical

description logics (DL) to support selective knowledge sharing through a novel semantic
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importing mechanism and the establishment of a minimal set of restrictions on the use
of imported concepts and roles to support localized semantics, transitive propagation
of imported knowledge, and di erent interpretations from the point of view of di erent

ontology modules;

The development of a family of sound and complete tableau-based federated reasoning
algorithms for distributed, autonomous, P-DL ontologies including ALCP and SHIQP,
i.e., P-DL onologies where the individual modules are expressed in the P-DL counterpart
of DL ALC and SHIQ respectively, that can be used to e ciently reason over a set of
distributed, autonomous, ontology modules from the point of view of any speci ¢ module,
that avoid the need to integrate ontologies using message exchanges between modules as

needed.

The formulation of criteria for answering queries against a knowledge base using hid-
den or private knowledge, whenever it is feasible to do so without compromising hidden
knowledge, and the development of privacy-preserving reasoning strategies for the case
of the commonly used hierarchical ontologies and SH1Q ontologies, along with a theo-
retical characterization of the conditions under which they are guaranteed to be privacy-

preserving.

The development of some prototype tools for collaborative development of large ontologies,

including support for concurrent editing and partial loading of ontologies into memory.



CHAPTER 1. Motivation And Overview

1.1 Motivation

Ontologies that explicitly identify objects, properties, and relationships of interest in speci ¢
domains of inquiry are essential for collaborations that involve sharing of data, knowledge, or
resources (e.g., web services) among autonomous individuals or groups in open environments.
Consequently, there has been a signi cant body of recent work on languages for specifying
ontologies, software environments for editing ontologies, algorithms for reasoning with, aligning,
and merging ontologies (Gomez-Perez et al., 2002). In particular, ontologies play important
roles in realizing the Semantic Web vision (Berners-Lee et al., 2001): extending existing World-
Wide Web with machine understandable meta data (knowledge) to facilitate more intelligent
information search and data sharing.

The rapid growth and adoption of Web was possible in part because it allowed a large com-
munity of individuals around the world to contribute to its construction by linking autonomous
pages via hyperlinks. We expect that e ective mechanisms and tools that would enable indi-
viduals with expertise in speci c areas to contribute ontology modules that can be conceptually
linked into larger ontologies would signi cantly accelerate the realization of the semantic web
vision.

Semantic Web ontologies have several important characteristics, as follows:

1. Constructing large ontologies typically requires collaboration among multiple individuals
or groups with expertise in speci ¢ areas, with each participant contributing only a part
of the ontology. Therefore, instead of a single, centralized ontology, in most domains,

there are multiple distributed ontologies covering parts of the domain.

2. Because no single ontology can meet the needs of all users under every conceivable sce-

nario, the ontology that meets the needs of a user or a group of users needs to be assembled



from several independently developed ontology modules. Since di erent ontologies or dif-
ferent modules of a single ontology are developed by people with diverse points of view,
contextual inconsistencies or con icts between such modules are inevitable. Consequently,

there is a need for mechanisms for resolving or managing such contextual con icts.

3. While ontologies are often used to facilitate sharing of knowledge, data, and resources,
many real-world scenarios also call for selectively hiding certain parts of an ontology (or
conversely, selectively sharing certain parts of an ontology). The need for knowledge
hiding may arise due to privacy and security concerns, or for managing and knowledge

engineering purposes.

Unfortunately, the current state of the art in ontology engineering is reminiscent of the state
of software engineering nearly four decades ago: Today’s ontology languages, like the very early
programming languages, are largely unstructured, and o er little support for modular design of
ontologies and selective knowledge sharing between ontology modules. As a consequence, many
existing ontologies are di cult to reuse in a larger context, leading to an ontology engineering
bottleneck, which is a signi cant hurdle in the large-scale design, development, and deployment
of semantic web applications. We need to come to terms with the characteristics of web on-
tologies. Speci cally, next generation ontology languages need to support modular structure,
collaborative construction, selective sharing and use of ontologies. Against this background,

this study introduces the framework of Package-based Description Logics to meet this need.

1.2 The Proposed Solution

Package-based Description Logics (P-DL) (Bao et al., 2006f,c, 2007¢e) is aimed at solving
several problems presented in existing approaches for modular ontology formalisms and collab-
orative ontology building. P-DL language features are aimed at providing ne-grained modular

organization and controllable, selective knowledge sharing of an ontology.

1.2.1 Outline of the Theoretical Approach

In a P-DL ontology, an ontology is composed of a set of modules, called packages. P-DL
syntax adopts a semantic importing approach that allows a subset of symbols de ned in one

package to be directly used in other packages, and imported symbols can be used to construct



concepts. In particular, this work studies the P-DL language SHOI1QP as well as several of

its subsets. The resulting modular ontology languages:

Allow each ontology module to use a subset of Description Logic (DL) SHO1Q (Horrocks
and Sattler, 2005), i.e., ALC augmented with transitive roles, role inclusion, role inversion,
guali ed number restriction and nominal concepts, hence covers a signi cant fragment of

OWL-DL.

Provide strong modeling ability compared with existing approaches (e.g., Distributed
Description Logics (DDL) (Borgida and Sera ni, 2002) and E-connections (Grau, 2005)),
using the mechanism of semantic import of names (including concept, role and nominal

names) across ontology modules.

Contextualize the interpretation of reused knowledge, hence the contextual inconsistency
between di erent ontology modules can be largely controlled. A natural consequence of
contextualized interpretation is that inferences are always drawn from the point of view
of a witness module. Thus, di erent modules might infer di erent consequences, based

on the knowledge that they import from other modules.

Ensure that the result of reasoning is always the same as that obtained from a standard
reasoner over an integrated ontology resulting from combining the relevant knowledge in
a context-speci ¢ manner. This ensures the monotonicity of inference in the distributed

setting.

Avoid many of the known reasoning di culties of the existing approaches (e.g. knowledge

transitive reusability).

The reasoning procedure for P-DL is extended from existing DL tableau algorithms (Bao
et al., 2006a,e). We adopt a distributed tableau-based reasoning approach that can strictly avoid
reasoning with an integrated ontology, thus ensure the autonomy of constituting modules (e.g.,
without direct exposing of sensitive information) and improve the scalability of the reasoning
process. The whole reasoning process is preformed by a federation of local reasoners, each has
access only to the local knowledge in a speci ¢ module, to construct a collection of local tableaux

instead of a single global tableau by exchanging a set of messages between local reasoners.



P-DL allows selective knowledge hiding in ontology modules to address the needs of privacy,
copyright, and security concerns in ontologies. In such cases, an agent might want to hide a
part of its ontology while sharing the rest. However, prohibiting any use of the hidden part of
the ontology in answering queries from other agents may be overly restrictive. P-DL supports
scope limitation modi ers (SLM) that can be associated with terms and axioms de ned in a
package (Bao et al., 2006f). A SLM (such as public and private) controls the visibility of the
corresponding term or axiom to entities (e.g. a user, a reasoner) on the web, in particular,
to other packages. We show how an agent can safely answer queries against its ontology
based on inferences drawn using both the hidden and visible part of its ontology, without
inadvertently revealing the hidden knowledge. In particular, we investigated such privacy-
preserving reasoning process in the case of the commonly used partial order ontologies (i.e.
hierarchies) and the SH1Q family of description logics. We also discussed the design desiderata

for distributed privacy-preserving algorithms of P-DL ontologies.

1.2.2 Applications

The work presented in this dissertation may have potential impacts in several application

scenarios (among others), including the following:

Collaborative Ontology Building. The building process of an ontology is usually
a collaborative process that involves cooperation among multiple domain experts, and
the generation, management and integration of multiple components of the ontology in
a principled fashion. P-DL provides language features needed for e cient collaborative
construction of large, modular ontologies. We have developed WikiOnt (Bao and Honavar,
2004a) and COB-Editor (Bao et al., 2006g) software prototypes that provide ‘proof of

concept’ of this approach.

Partial Ontology Reuse. Knowledge bases, and in particular ontologies, are very likely
to be reused. However, the lack of modularity in current ontology languages forces an
ontology to be totally reused or not be reused at all. An ontology has to be completely
reused even if only a small fragment of it is actually needed. Modular ontologies will

facilitate more exible and e cient reuse of existing ontologies (Bao et al., 2006f).



Web Security. Many semantic web applications, such as web services and online per-
sonal information repositories, require selective sharing of ontologies between autonomous
entities. The privacy-preserving inference algorithms provided in this work o er practical
solutions to semantic knowledge hiding such that hiding knowledge may still be used
in \safe" query answering process without potential compromising such hiding knowl-
edge. Our work provides the necessary privacy-preserving inference support on the top

of syntactic knowledge hiding as o ered by access control or encryption of web resources.

Semantic Data Integration. Data integration problems may require explicit descrip-
tion of the data semantics for involved data sources. Instead of relying on a single global
ontology, such applications typically require distributed, connected, multiple ontologies,
each capturing a subset of the domain of discourse. Based on the inference infrastruc-
ture provided by the modular ontology framework, we investigated the data integration
and query translation problem when data users and (possibly multiple) data sources have

multiple ontologies associated with the data (Bao et al., 2007a).

Potential applications of the work presented in this dissertation are no necessarily limited

to the ones listed above. Some other applications include:

Modular Web Ontology Language. OWL (Patel-Schneider et al., 2003), the current
web ontology language, has limited provision for handling modular ontologies. Speci cally,
the owl : imports construct for linking ontology modules lacks support for partial reuse
of or localized semantics for the linked ontology modules. The proposed work provides
an alternative to owl : imports, namely, semantic importing, for linking multiple modular
ontologies with support for localized semantics, partial ontology reuse, and distributed

reasoning.

Scalable Inference Support for Large and Distributed Ontologies. The Seman-
tic Web will very likely utilize the networked e ect that has been proven useful for the
success of the existing Web: there is no authoritarian central control of the huge amount
of resources (including ontologies) on the Web; instead, those resources are usually au-
tonomously created and maintained, and are interlinked to each other. Hence, inference

support in such a setting is necessarily distributed to meet the scalability challenge, the



lack of global knowledge (from an integrated knowledge base), and the context-speci ¢
nature of involved ontologies. The P-DL framework may provide useful tools and methods

for such a need.

Knowledge Representation and Query Process in Peer-to-Peer Applications.
Peer-to-Peer (P2P) applications demand selective data and knowledge sharing among a
set of autonomous peers. The modular ontology approach we presented here may be
adopted as the logic foundation for P2P applications to support distributed querying of

P2P resources and preserving of peer privacies.

Ontology Mapping. The proposed techniques permits mappings between ontology
modules to be modeled as axioms in those modules or in independent mapping modules.
In particular, the general module transitive reusability in P-DL allows ontology mappings

to be safely composed to form new mappings.

Ontology Evolution. The methods we presented for partial ontology reuse may also be
applied in ontology evolution, such that an existing ontology module can be \patched"
by a new module, and axioms in the existing module are selectively reused, replaced or

obsoleted in the new version of the ontology.

1.3 Content Guide
The dissertation contains the following chapters (in additional to this introduction chapter):

Chapter 2 introduces the basic knowledge about Description Logics (DL) and web ontol-
ogy languages. We focus on the basic DL ALC and the SH family of DL languages on
their syntax, semantics and tableau-based reasoning algorithms. We also introduce the

OWL web ontology language.

Chapter 3 presents desiderata and the general framework for modular ontologies. We rst
enumerate the needs for modularity in ontologies from the aspects of ontology organiza-
tional structure, decentralized nature of web ontologies and contextuality of ontologies.
A set of desiderata for modular ontology languages, including decidability, reasoning
exactness, knowledge transitive reusability, and directional semantic connection, are in-

troduced. Then, we present an abstract framework of modular ontologies based on local



model semantics. It serves as the foundation for the P-DL proposal and the comparison

between P-DL and other formalisms.

Chapter 4 presents the syntactical and semantic features of P-DL. We also give a brief
review on the evolution of modular ontology formalism and compare P-DL with several

other formalisms.

Chapter 5 discusses reasoning algorithms for P-DL. We investigate sound and complete
tableau-based reasoning algorithms for several P-DL languages, including: ALCP¢, which
extends ALC with concept name importing between packages, and SHIQP, which ex-
tends DL SH 1 Q with concept or role name importing between packages. These algorithms
allow the reasoning process to be distributed relying on local reasoning services o ered

by each ontology module.

Chapter 6 examines privacy-preserving reasoning in ontologies and, in particular, in P-DL
modular ontologies. We precisely formulate the problem of \privacy-preserving inference".
We exploit the indistinguishability of hidden knowledge and incomplete knowledge under
the Open World Assumption (OWA) to develop an approach to safe use of hidden knowl-
edge in query answering without the risk of unintended disclosure of hidden knowledge.
We o er \history-safe" reasoning strategies for commonly used hierarchical ontologies and

the SHI1Q family of description logic ontologies.

Chapter 7 is concerned with collaborative ontology building exploiting the notion of mod-
ular ontologies (or ontology packages). We describe two ontology editing tools, WikiOnt
and COB Editor, which can support sharing, reuse, and collaborative editing of ontolo-
gies. Both tools allow ontology developers to create a community-shared ontology server,
with the support for concurrent browsing and editing of the ontology. Multiple users can
work on the same ontology on di erent packages (through locking mechanisms), without

inadvertent overwriting the work of others.

Chapter 8 summarizes the work on its contributions and limitations, and gives several

open problems as the future work.

The dissertation also contains an appendix which gives detailed proofs of some original

lemmas and theorems given in the dissertation.



CHAPTER 2. Preliminaries

This chapter introduces the basic notions of description logics (DL) on its syntax, semantics
and reasoning algorithms, as well as the DL-based web ontology language OWL. Readers that
are familiar with DL may skip this chapter. For more details about DL, please refer the

Description Logics Handbook (Baader et al., 2003).

2.1 Description Logics

2.1.1 Basic Notions

Description Logics (DL) (Baader and Nutt, 2003) is a family of knowledge representation
languages which de nes concepts of a domain, and then use these concepts to specify properties
of objects and individuals occurring in the domain. The basic syntactic blocks in DL are atomic
concepts (unary predicates), atomic roles (binary predicates), and individuals (constants). A
DL provides a set of constructors which allows to form complex concepts and roles from atomic

concepts and roles. For example, a simple ontology about animals is represented in DL as in

Figure 2.1:
Dog v Carnivore (2.1)
Carnivore v Animal u 8eats:Animal (2.2)
Dog(goofy) (2.3)
eats(goofy; foo) (2.4)

Figure 2.1 An Example of Description Logic Knowledge Base

In the example, Dog; Carnivore; Animal are concept names, eats is a role name, and goofy; foo
are individual names; u (intersection) and 8 (value restriction) are constructors. The ontology
asserts that a Dog is a Carnivore (2.1); a Carnivore is an Animal that only eats Animal (2.2);

goofy is a Dog (2.3); and that individual goofy eats another individual foo (2.4).



A description logic knowledge base may consist of a TBox (terminology box) and an ABox
(assertion box), where the TBox is a nite set of general concept inclusion (GCI) axioms in the
form of C v D (read as D subsumes C), and the ABox is a nite set of assertions in the form of
C(a) (a concept assertion) or R(a;b) (a role assertion). In the ontology given above, the TBox
contains axiom (2.1)-(2.2), and the ABox contains axiom (2.3)-(2.4). We may use C D as
the abbreviation of both C v D and D v C.

Some DLs (e.g., the SH family introduced in section 2.1.3) also have a RBox (role box)
that contains role inclusion axioms of the form R; v R, where R;; R, are roles.

The precise meaning of a DL language can be de ned in the model-theoretical semantics:

De nition 2.1 (DL Semantics) An interpretation of a description logic knowledge base is
apair I =h ':()'i, where the interpretation domain ! contains a nonempty set of objects
and the interpretation function (:)' maps each concept name C to a subset of the domain
c! ! each role name P to a binary relation P! ! I over the domain !, and each
individual name i to an element in the domain i' 2 .

An interpretation | satis esa GCI Cv D, denoted by I FCvD,i C' D' lisa
model of a TBox T, denoted by 1 =T, if I satis es all GCIs in T.

An interpretation | satis es the concept assertion C(a), denoted by 1 =C(a), i a' 2 C!
and it satis es the role assertion R(a;b), denoted by I = R(a;b), i (a';b') 2 R!. I is a model
of an ABox A if it satis es all the concept and role assertions in A.

An interpretation | satis es a role inclusion axiom Ry VR, i R} R}. I is a model of
a RBox R, denoted by I = R, if 1 satis es all role inclusions in R.

An interpretation 1 is a model of a knowledge base K = fT;R;Ag, denoted by I F K,
where T is the TBox, R is the RBox, A is the ABox, i | is model of T,R, and A.

An knowledge base K entails an axiom , denoted by K = , if every model 1 of K satis es

For example, a model of the ontology in Figure 2.1is 1 =h ';()'i, where ! = fa;bg, (©)!
maps concept \Dog" to Dog' = fag I \Carnivore" to Carnivore! = fag ' \Animal"
to Animal' = fa;bg I role \eats" to eats' = f(a;b)g ! ! individual \goofy" to

goofy! =a 2 ! and individual \foo" to foo! =b2 .
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2.1.2 The Basic Description Logics ALC

One of the most in uential DLs, which is the foundation of many other DLs, is ALC
(Attributive Language with Complements) (Schmidt-Schau and Smolka, 1991). ALC pro-
vides boolean concept constructors (:-: negation or complement, u: intersection, and t: union)
plus the existential restriction (in the form of 9R:C) and universal restriction (in the form of
8R:C, also called value restriction) constructors. We also use the notation > (universal top
concept) as the abbreviation for At - A, and ? (bottom concept) as the abbreviation for Au - A,
where A is any concept name.

The semantics of ALC constructors is given in the Table 2.1.

Constructor Syntax Semantics
ALC | top > !
bottom ? ?
atomic concept C c! !
abstract role R R! ! !
intersection CubD c'\p!
union ctD c'p!
value restriction 8R:C fa2 'jsb;(a;b)2R!' ¥ p2Clyg
existential quanti ca- | 9R:C fa2 'jop;(a;b) 2 R'~b2Clyg
tion
negation : I'nc!
R+ transitive role R+ (ab)2R'~(;c)2R!' 1 (a;c) 2 R!
S = ALCr~
H role hierarchies RvS (a;b) 2R'" ¥ (a;b) 2 S!
[ inverse role R f(b;a) 2 (R )'j(a;b) 2 Rlg
Q quali ed number re- | /2nR:C |fa2 'j#fmMm2 lj@ab)2R'~b2C'g ./
striction ng
NP number restriction /nR fa2 'j#m2 'jab)2R'g./ng
F¢ functional roles 6 1R fa2 ljg#mm2 l'j@a;b)2R'g6 1g
> 2R fa2 'j#m2 ljab)2R'g>2g
[¢) nominal 0 #folg=1
concept inclusion CvD c' D!

a/isoneof=,>, 0r6
bcan be seen as a limited case of Q, ie. withC =>
€can be seen as a limited case of N, ie. withn=1

Table 2.1 Syntax and Semantics of DLs
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For example, the animal ontology in Figure 2.1 can be extended to the following ALC TBox:

Dog Vv Carnivore
Carnivore v Animal u 8eats:Animal
Dog Vv 9eats:Rabbit (2.5)
Plant v :Animal (2.6)
Plant €t Animal v Life 2.7

which further states that a Dog eats some Rabbit (2.5), Plants are not Animals (2.6), and both
Plants and Animals are types of Life (2.7).

2.1.3 Expressive Description Logics - the SH family

There are several extensions (with additional sets of concept and role constructors) on the
top of ALC to meet the needs of applications that require more expressivity. One of the most
important extensions is the SH DL family, which is closely related to several web ontology
languages, such as DAML+OIL (Horrocks, 2002) and OWL (Schreiber and Dean, 2004).

The logic SH (Horrocks and Sattler, 1999) is extended from ALC with transitive roles
(denoted as r+) and role inclusions (H). We denote by Trans(r)=true if a role r is transitive.
For example, in an ontology about people that in the logic of SH, we may have transitive role

hasSibling, role hasBrother and a role inclusion axiom:
hasBrother v hasSibling

Hence, if an ABox of the ontology contains assertions hasBrother(a;b) and hasSibling(b; c),
then we must have that hasSibling(a; b) (from the role inclusion) and hasSibling(a;c) (from the
transitivity of hasSibling) are true.

The logic SHO1Q (Horrocks and Sattler, 2005), which serves as the logic foundation of the
current web ontology language OWL (Horrocks et al., 2003), is further extended from SH with
nominals (O), inverse roles (1), and quali ed number restrictions (Q).

More precisely, a nominal is a concept that has a singleton interpretation, i.e., there is one
and only one individual in the interpretation of a nominal. For example, the country name

FRANCE can be modeled as a nominal, such that the cardinality #(FRANCE') will always be

1The logic ALCg-+ is commonly denoted by the mnemonic S for its correspondence with the modal logic S4.
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1 in any interpretation 1. We may use nominals to de ne a concept with explicitly enumerated

members, such as
WeekEnd FSATURDAY; SUNDAY(g

where SATURDAY and SUNDAY are nominals.

Inverse roles allow us to use a role in \both directions™. For example, suppose we have a
role advises to denote the relation between a faculty member and a student; we wish to de ne
a concept of students that are advised by a faculty member, then we can describe it with an
inverse role as

Student u 9advises :Faculty

We may use Inv(R) = R as the inverse of arole R, and R = R. In the presence of role
inversions, Trans(R)=true i R is transitive or Inv(R) is transitive. A role is called symmetric
if it is equivalent to its own inverse, i.e., R R . For example, hasSibling is a symmetric role.

Quali ed number restriction (Q) is in the form of nR:C, nR:C or = nR:C, where R
is a simple role such that it is neither transitive nor has transitive sub-roles?®. For example,
to assert that every people must have exactly two parents who are also people, a woman is a
mother if she has at least one child which is a people, and one people is married to at most one

people, we have the following axioms:

People v (= 2 hasParent:People) (2.8)
Mother v Womanu (1 hasChild:People) (2.9)
People v 1 marries:People (2.10)

Unquali ed number restriction (denoted by N) is a special case of Q such that the quali -
cation concept C is always the top concept >, therefore we only have restrictions in the form
of nR, nR and = nR. For example, it may not be necessary to specify that a child is a

people to de ne motherhood, hence, axiom (2.9) can be reformulated as

Mother v Womanu ( 1 hasChild)

2Requiring roles to be simple here is necessary since it is known that quali ed number restriction on non-
simple role may lead to undecidability in SHIQ (Horrocks et al., 1999). Such a restriction may be relaxed to
so called \admissible™ RBoxes in SHQ (Kazakov et al., 2007).
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Functional roles (denoted by F) is further restricted from N such that n = 1. Therefore,
concepts like (= 2 hasParent:People) will not be allowed in DLs with F constructors. In partic-
ular, SHIF (Horrocks et al., 2000) is important because it, when extended with data types, is
the DL language corresponding to OWL Lite.

Several other commonly used DLs of the SH family include the following:

SHIQ (ALCHIQR+) (Horrocks et al., 1999) is obtained from SHOIQ by disallowing

the use of nominals;

SHOQ (ALCHOQR+)(Horrocks and Sattler, 2001) is obtained from SHOI1Q by disal-

lowing the use of inverse roles;

SHIO (ALCHIORr+) (Hladik, 2004) is obtained from SHO1Q by disallowing the use of

(quali ed) number restrictions.

The syntax and semantic of the SH family DLs are summarized in the Table 2.1.

2.2 Reasoning with Description Logics

2.2.1 Reasoning Tasks for Description Logics

DLs provide a good trade-0 between the expressivity power and computational complexity.
Many inference tasks with DLs can be solved e ciently with highly optimized DL reasoners,
such as FaCT++ (Tsarkov and Horrocks, 2004), RACER (Haarslev and Moller, 2001) and
Pellet (Sirin et al., 2007).

Typical reasoning tasks in DL include the follows:

Subsumption: to test if a concept C is subsumed by another concept D, i.e., if C v D;

Satis ability: to test if a concept C is satis able, i.e., if there is an individual in an

interpretation such that it is an instance of C;
Equivalency: to test if two concepts are equivalent, i.e., C D;
Disjointness: to test if two concepts must have no shared instances;

Membership: to test if an individual a is an instance of a concept C, i.e., C(a);
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Many reasoning problems can be reduced to other reasoning problems. For example, some
of them can be reduced to subsumption:
C and D are equivalent , CvDand D v C
C and D are disjoint , CuD v ?.

aisamemberof C , fagv C

Subsumption can also be reduced to satis ability:
CwvD , Cu:D isunsatis able

It is true because if C u :-D is satis able, there must an interpretation 1 and an element

x 2 C! but x @ D' therefore C v D cannot hold. If no such an interpretation can be found,
C u :-D is unsatis able, hence C! D! holds in any I, therefore C v D is true.

Hence, all reasoning problems mentioned above can be in e ect reduced to concept satis-

ability checking. In the following discussion, we will focus on concept satis ability checking

only.

2.2.2 Basic Tableau Algorithms

Modern DLs exploit Tableau Algorithms (Baader and Sattler, 2001; Hollunder et al., 1990)

for practical reasoning support. The basic idea of tableau algorithm is to check concept satis-

ability (and hence also for concept subsumption) w.r.t. a knowledge base by constructing a
common model of the concept and the knowledge base.

A tableau algorithm for a speci ¢ DL language contains the following main elements:

A completion graph, or a tableau that represents a model of the DL language. Such a

completion graph typically has the \tree model™ property (Vardi, 1996).
A set of tableau expansion rules to construct a complete and consistent completion graph.
A set of blocking rules to detect in nite cyclic models and ensure termination.

A set of clash conditions to detect logic contradictions.
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In this subsection, we will demonstrate the basic process of tableau algorithms with the
DL ALC. For an ALC TBox T and an ALC -concept Cg, a tableau algorithm will construct
a common model for both O and Cgy to checking the satis ability of Co w.r.t. T. If one such
model (i.e., a completion graph) is found, Cy is satis able, otherwise C is unsatis able.

Before the reasoning process starts, the concepts in T and Cq should be transformed into
the Negation Normal Form (NNF), i.e., with negation only occurs in front of atomic concepts.
It can be done with rewriting rules in Table 2.2. We use -C to denote the NNF of - C.

ol C
:(CuDbD) :Ct:D
(CtD) :Cu:D
9R:C 8R::C
:8R:C 9R::C
: 6nR:C > (n+1R:C
:>m+1)R:C 6 nR:C
:>0R:C Cu:C

Table 2.2 Negation Normal Form Transformation

Reasoning w.r.t. a TBox T can be reduced to reasoning w.r.t. an empty TBox with the
internalization technique. Given T, a concept Ct isde ned as Ct = (Civgi)ZT(:Ci t Dj). Any
individual x in any model of T will be an instance of Cr.

For an ALC knowledge base, a completion graph or a tableau T = hV;E;LlI is a tree,
where V is the node set, E is the edge set, L is a function that assigns labels for each node
and edge. Each node x in the tree represents an individual in the domain of the model, and
the label L(x) contains all concepts of which x is an instance. Each edge hx;yi represents a
set of role instances in the model, and the label L(hx;yi) contains the names of those roles. If

R 2 L(hx;yi), y is an R-successor of x. In an ALC -tableau:

if C 2 L(x), then -C & L(x),
if CLuC;, 2 L(x), then C; 2 L(X) and C, 2 L(X),
if C, £t C, 2 L(X), then C; 2 L(X) or Cy 2 L(X),

if 8BR:C 2 L(x) and R 2 L(hx; y1), then C 2 L(y),
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if 9R:C 2 L(x), then there is some y such that R 2 L(hx;yi) and C 2 L(y).

Given a concept C and a TBox T, the tableau is a tree expanded from an initial root node

Xo, L(Xg) = C u Cy, with the following expansion rules:

u-rule: if CLuC, 2 L(x), x is not blocked, fC1;Cog 6 L(X), then L(X) = L(X) [ fCy; C2g0;

u-rule: if C; € Cy 2 L(X), X is not blocked, fC1; Cog\ L(X) = ;, then L(x) = L(x) [ fC19
or L(x) = L(x) [ fCzg;

9-rule: if 9R:C 2 L(x), x is not blocked, and x has no R-successor y with C 2 L(y), then
create a new node y with L(hx;yi) = fRg and L(y) = fCg;

8-rule: if 8R:C 2 L(x), x is not blocked, and there is an R-successor y of x with C 2 L(y),
then L(y) = L(y) LfCg;

CE-rule: if Cy 8 L(x), x is not blocked, then L(X) = L(x) [ Ct.

To ensure termination, a node can be blocked with the subset blocking strategy: for any
node X, if there is an ancestor node y of x in the tree, and L(x) L(y), then x is blocked. No
expansion rule will be applied to a blocked node. In fact, a blocked node prevents the cyclic
application of tableau expansion rules, hence represents in nitely many similar individuals in
the model.

An ALC tableau contains a clash if there is fC; - Cg 2 L(x) for some node x and concept C.
A tableau is consistent (clash-free) if it contains no clash, and is complete if no expansion rule
can be applied. The given concept is satis able if and only if the algorithm nds a consistent
and complete tableau.

Note that the t-rule is non-deterministic in that it generates di erent possible tableaux.
The algorithm needs to try multiple choices, i.e., search for di erent possible models. Once
a chosen search path leads to a clash, the algorithm needs to track back to the tableau state
before the choice, and try other remaining choices.

A tableau algorithm has to meet three requirements:

Soundness: if a complete and consistent tableau is found by the algorithm, the tableau

must satis es the initial concept Cy.
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Completeness: if the initial concept Cq is satis able, the algorithm can always nd an

complete and consistent tableau for it.

Termination: the algorithm can terminate in nite steps with a result.

It can be proven that the aforementioned algorithm is terminating, sound and complete for
ALC (Baader and Sattler, 2001).

2.2.3 Tableau Algorithms for Expressive DLs

Similar tableau algorithms can be designed for more expressive DL languages. In this
subsection, we will brie y introduce such an algorithm for SHO1 Q provided by (Horrocks and
Sattler, 2005).

A SHOI1Q completion graph is T = hV; E;L; &i. The symmetric binary relation & is used
to keep track of inequalities between nodes of T. The introduction of nominal concepts (the
\O" constructor) somehow relaxes the strict tree structure (Horrocks and Sattler, 2005) which
is enjoyed by ALC -tableau: a SHOI Q completion graph contains two types of nodes, i.e., the
blockable nodes which still form tree structures, and nominal nodes which may be arbitrarily
interconnected. A nominal node is a node that has nominal names in its labels; such a node
cannot be blocked since a blocked node represents in nitely many individuals while a nominal
is only allowed to have singleton instances.

If R 2 L(hx;yi), y is said an R-successor of x and x is an R-predecessor of y. Ancestor is the
transitive closure of predecessor, and descendant is the transitive closure of successor. A node
y is called an R-neighbor of a node x if y is an R-successor of x or if x is an Inv(R)-successor
of y.

A node x is directly blocked i none if its ancestors is blocked, and it has ancestors x’;y
and y? such that

1) x is a successor of x” and y is a successor of y’,

2) y;x and all nodes on the path from y to x are blockable,

3) L(x) = L(y) and L(x%) = L(y"), and

4) L(hx"; xi) = Ly yi) & ;

A node y is indirectly blocked i one of its safe ancestor is blocked. A node is blocked

if either it is directly blocked or it is indirectly blocked.
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An R-neighbor y of x is safe if x is blockable or if x is a nominal node and y is not blocked.
It is safe in the sense enough R-neighbors for nominal nodes can be generated (Horrocks and
Sattler, 2007).

We de ne ST(x;C) := fy 2 VjS 2 L(hx;yi) ~ C 2 L(y)g as the set of S-successor of x
with C in their labels. For an RBox R, we denote vr as is the transitive-re exive closure over
R [ fiInv(R) v Inv(S)jR v S 2 Rg.

The set of SHOI Q tableau expansion rules is given as the follows (Horrocks and Sattler,
2007) (the notions of Merge operation will be introduced later):

u-rule: if C;uC, 2 L(x), x is not indirectly blocked, and fC1;C,g 6 L(x), then
L(x) = L(x) [ fCy; Cag;

t-rule: if C; £C, 2 L(X), x is not indirectly blocked, and fC3;C,g \ L(x) = ;, then
L(xX) = L(X) [ fCqg for some C 2 fC1; Cyqg;

9-rule: if 9S:C 2 L(x), x is not blocked, and x has no safe S-neighbor y of x with
C 2 L(y), then create a new node y with L(hx;yi) = fSg and L(y) = fCg;

8-rule: if 8S:C 2 L(x), x is not indirectly blocked, and there is an S-neighbor y of x with
C aL(y), then L(y) = L(y) LfCg;

8. -rule: if 8S:C 2 L(x), x is not indirectly blocked, and there is some R with Trans(R),
R VS and there is an R-neighbor y of x with 8R:C 2 L(y), then L(y) = L(y) [ f8R:Cg;

choose-rule: if ( nS:C) 2 L(x), x is not indirectly blocked, and there is an S-neighbor
y of x with fC; :Cg\ L(y) = ;, then L(y) = L(y) [ fEg for some E 2 fC; :Cg;

-rule: if ( nS:C) 2 L(x), x is not blocked, and there are no n safe S-neighbors yi;:::yn
of x with C 2 L(yx) and yx & yj foreach 1k j n, then create n new nodes yi;::yn
with L(hx;yxi) = fSgand L(yx) =fCgandy & yj for1 k j n;

-rule: if ( nS:C) 2 L(z), z is not indirectly blocked, jST(x;C)j n and there are two
S-neighbors x;y of z with C 2 L(x) \ L(y) and not x & vy, then

1. if x is a nominal node, then Merge(y; X),

2. else if y is a nominal node or an ancestor of x, then Merge(Xx;y),

3. else Merge(y; X);

o-rule: if for some nominal o there are two nodes x;y with 0 2 L(X)\L(y) and not x &y,
then Merge(Xx;Vy);
NN-rule: if (1) ( nS:C) 2 L(x), x is a nominal node, and there is a blockable S-neighbor
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y of x such that C 2 L(y) and x is a successor of y; (2) there isno msuchthat1 m n,
( mS:C) 2 L(x) and there exists m nominal S-neighbors z;;:::;zm of X with C 2 L(zx) and
zx&zjfor0 k j m,then(l)guessmwithl m n,setL(X)=L(X)[f mS:Cg; (2)
create m new nodes y1; :::ym with L(hx;yki) = fSg and L(yx) = TC; okg for some new nominal
ok andyc &yj for0 k Jj n
CE-rule: if Cy 8 L(x), x is not indirectly blocked, then L(x) = L(x) [ Cr.

The Merge operation is used in \shrinking" rules ( - and o-rule) to merge one node into
another node. More precisely, it contains the following operations (Horrocks and Sattler, 2007):

Pruning: The operation Prune(y) removes a node y and all blockable successors of y

recursively. Formally, it performs the following operations:

1. for all successors z of y, remove hy; zi from E and, if z is blockable, Prune(z);

2. remove y from V.

Merging: Intuitively, the operation Merge(y;X) merges y into x by letting x inherits all
predecessors and nominal successors of y, while prune y and its blockable sub-trees. More

precisely, it has the following steps:
1. for all nodes z such that hz;yi 2 E

(a) if thx;zi;hz; xig \ E = ;;, then add hz; xi to E and set L(hz; xi) = L(hz;y1),
(b) if hz;xi 2 E, then set L(hz; xi) = L(hz;xi) [ L(hz;vyi),
(c) if hx;zi 2 E, then set L(hx;zi) = L(hx; zi) [ fInv(S)jS 2 L(hz;yi)g, and

(d) remove hz;yi from E;
2. for all nominal nodes z such that hy;zi 2 E

(a) if thx;zi;hz;xig E = ;;, then add hx; zi to E and set L(hx; zi) = L(hy; zi),
(b) if hx;zi 2 E, then set L(hx;zi) = L(hx; zi) [ L(y;zi),
(c) if hz;xi 2 E, then set L(hz; xi) = L(hz; xi) [ fInv(S)jS 2 L(hy;zi)g, and

(d) remove hy;zi from E;

3. set L(x) = L(x) [ L(y);
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4, add x & z for all z such that y & z; and
5. Prune(y).

A SHOIQ tableau T contains a clash i one of the following three situations occurs:

fA; :Ag L(x), for some concept name A and a node X ;

for some simple role S and a node X, (6 nS:C) 2 L(x) and there are n + 1 S-neighbours

Yo;:iyn Of X suchthat C 2 L(y;) and y; & yj forall0 i j n

for some nominal name o, there are nodes x & y with 0 2 L(x) \ L(y).

let O be the set of nominal names that occur in T, then the tableau algorithm starts with
the initial completion graph T = (fry;:::;ng; ;; L; ;) such that for every 0 2 O, thereisar; 2V
with L(rj) = fog. Then T is repeatedly expanded using the expansion rules introduced in the

above, until no rule can be applied or a clash occurs.

2.3 Web Ontology Language - OWL

There has been a signi cant body of recent work on languages for specifying ontologies
on the semantic web, including activities on the development of OIL (Ontology Inference
Layer) (Fensel et al., 2001), DAML (DARPA Agent Markup Language) (Ouellet and Ogbuiji,
2002), their combination DAML+OIL (Horrocks, 2002), and the recent OWL (Web Ontology
Language) (Schreiber and Dean, 2004). In particular, OWL has been released as a W3C (World
Wide Consortium) recommendation in February 2004, and the last three years witnesses the
rapid development and adaption of OWL in a wide range of tools and services.

From the modeling point view, OWL has a strong correspondence to description logics (Hor-
rocks et al., 2003). Concepts and roles in DLs correspond to classes and properties in OWL,
respectively. Table 2.3 summaries OWL class constructors and axioms and their DL corre-
spondences (except for features involving data types). The abstract syntax given in the table
can be encoded in RDF/XML as its exchange syntax (Bechhofer et al., 2004). Hence, OWL
shares many common features with RDF (Resource Description Framework), such as the use
of Universal Resource Identi ers (URI) for the unambiguous reference of web resources. An al-
ternative syntax, the Manchester Syntax (Horridge et al., 2006), is recently proposed to obtain

a less verbose syntax that is more friendly for non-logician users.
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Table 2.3: OWL DL Class Constructors, Axioms and Facts

Abstract Syntax

DL Syntax

Semantics

Class Constructors

A (URI reference) A Al !
owl :Thing > > =1
owl :Nothing ? 2 =;
intersection0f(C; C, ) CiuCy (CouCy)! =ci\c)
union0f(Cy C, :32) C;tCy (CitCy)!t =cl c)
complementOf(C) :C (:c)'= 'nc!
one0f (01 :32) fo1; g foy; 9" = fol; g
restriction(R someValuesFrom(C)) 9R:C (9R:C)' = FXxj9y;hx;yi 2
R!'andy2Clg
restriction(R allValuesFrom(C)) 8R:C (BR:C)! = Txj8y;hx;yi 2
R!' ¥ y2Clg
restriction(R hasValue(0)) R:o (8R:0)' = fxjhx;0'i 2 R'g
restriction(R minCardinality(n)) nR ( nR)' = fxj#(fyjhx;yi 2
R'g) ng
restriction(R maxCardinality(n)) nR ( nR)! = fxj#(fyjhx;yi 2
R'g) ng
Axioms

class(A partial C; :::Cp)
class(A complete C; :::Cp)

AvCiu::uCy,
A=Ciu::uC,

Al cI\an\clt
Al =c!\:\c!

EnumeratedClass(A o1 :::0n) A=foy;:;0ng | Al =fol;:0lg
SubClass0f(C; C») CivC, c/ cl
EquivalentClasses(Cy :::Cpn) Ci=::=C, cl=u=c])
DisjointClasses(C; :::Cpn) CiuCj =7 cINC! =;
ObjectProperty(R super(R1)...super(Rn) | R v R; R!' R}
domain(Cy) ...domain(Cy) 1R v Cj R!'vC] !
range(C,) ...range(Cm) > v 8R:C;j R'v ! ¢l

Continued on the next page
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Table 2.3 { continued from the previous page

Abstract Syntax DL Syntax Semantics

[inverseOf(Ro)] R=R, R!' = (R})

[Symmetric] R=R R! =(R")

[Functional] >v 1R 8x; #(fyjhx;yi 2R'g) 1

[InverseFunctional] >v 1R 8x; #(fyjhy;xi 2 R'g) 1

[Transitive]) Trans(R) R!'=(R"HY™*
SubProperty0f(R; R») Ri VR, R R}
EquivalentProperties(R; :::Rp) Ri=:=Rn Rl = =R}
AnnotationProperty(S)

Facts

Individual (o type(Cy) ...type(Cn 02C; ol 2!

value(R; 01)...value(R, on)) ho; 0ji 2 R; ho';oli 2 R}
Samelndividual(o; ...0n) 01 = =0p ol =:m=o)
Differentindividuals(o; ...0n) 0i &0j,fori&j |of &of, fori6j

OWL comes with three sub-languages with increasing expressivity power:

OWL-L.ite, which corresponds to the DL SHIF (D) (where (D) stands for data types),
provides a useful subset of the OWL language features, such as concept hierarchies and
property restrictions. The limitations on OWL Lite place it in a lower complexity class

than OWL DL, making reasoning with OWL Lite being more e cient.

OWL-DL, which corresponds to the DL SHOIN (D), provides the maximal subset of
OWL with known decidability (hence ensure the existence of reasoners for OWL-DL)
at the time when OWL was developed®. For example, OWL-DL requires strict type
separation between classes, properties and individual, and cardinality constraints can

only be placed on simple properties (roles).

OWVL-Full contains all the OWL language constructs and provides free, unconstrained

use of RDF constructs. OWL Full also allows classes to be treated as individuals. How-

3As we have shown in the previous section, the DL SHOIQ is decidable and a practical reasoning algorithm
was found for it after OWL was developed.
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ever, use of the OWL Full features generally leads to the loss of decidability (except for

under certain conditions, e.g., assuming contextual semantics (Motik, 2005)).

The most recent proposed extension to OWL is the OWL 1.1 language (Grau et al., 2006b),
which provides several new features, such as syntactic sugars, increased expressivity in prop-
erty constructs, increased datatype expressivity, meta-modeling ability, and semantic-free com-
ments. The increased expressivity o ers a more powerful yet still decidable underlying DL (than
SHOIN(D)) for OWL 1.1, i.e., the DL SROI1Q(D) (Horrocks et al., 2006), which provides
new constructors for acyclic complex role inclusions, disjoint roles (for simple roles), re ex-
ive, irre exive and asymmetric roles (for simple roles), universal roles, negated role assertions
of the form :-R(a;b) in an ABox, and concept constructor 9R:Self (i.e., to express the \local
re exivity" of a role).

OWL also provides a special construct, owl : imports, to bring information in di erent OWL
ontologies into a single ontology. It o ers modularity in limited sense such that an ontology
can be syntactically divided into several les. However, as we will discuss later, OWL does not
allow semantic modularity or preserving of knowledge context. In Chapter 4, we will discuss
those limitations of OWL in more details and present solutions to adapt OWL as a modular

ontology language.
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CHAPTER 3. Modular Ontologies: Desiderata and Abstract Description

In section 3.1, we introduce the need for modular ontologies in a wide range of applications;
in section 3.2, we give a set of informal requirements for modular ontology languages; in section
3.3, we present an Abstract Modular Ontology (AMO) language that is independent from
concrete language construct features, and give a formal description of the semantic requirements
on modular ontology languages speci ed in section 3.2. The AMO framework described in this
chapter will serve as the semantic foundation for the package-based description logics (P-DL)
that will be described in the next chapter, as well as for the comparison between P-DL and

other modular ontology formalisms.

3.1 Modular Ontology Desiderata

Some have argued for a single, comprehensive, and cohesive upper level ontology, e.g.,
CYC (Lenat, 1995) or SUMO (Niles and Pease, 2001), to bridge the semantic gaps between
di erent autonomous resources on the Semantic Web. However, since the web is a network
of loosely coupled, distributed, autonomous entities, di erences in ontological commitments or
points of view are inevitable. In such a setting, no single, global ontology is unlikely to satisfy
the needs of all users. In practice, the sheer huge volume of web information leads to serious
scalability problem on building, storing and reasoning with a single ontology. Consequently,
ontologies on the web are likely to be modular, distributed, and targeted to speci ¢ users, and
are linked or (possibly only partly) reused as appropriate in a given setting.

Modularity has been a frequently mentioned, desirable feature to solve many of the existing
problems in ontology engineering. However, the notion of \modularity" and what is a \good"
module vary considerably in di erent applications. Di erent authors have given the require-
ments for modules from several speci ¢ contexts. Some of these requirements con ict with

each other (Loebe, 2006). In this section, we will examine the major desiderata of modular
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ontologies, which will guide the design of a practical modular ontology formalism.

Generally speaking, the need for modularity in ontologies can be viewed along two dimen-
sions: the syntactical modularity and the semantic modularity. Syntactic modularity ad-
dresses the need to organize large ontologies in multiple, manageable, compact modules, so that
syntactic interactions between ontology modules are well-controlled for more e cient ontology
construction, revision and reuse. Semantic modularity addresses the need to allow localized
and contextual points of view of autonomous contributors of di erent ontology modules and
distributed reasoning. More details of these two types of modularity will be introduced in the

following two subsections.

3.1.1 Syntactic Modularity

Modules represent ideally more or less self-contained units of an ontology that are loosely
coupled. More precisely, syntactic modularity captures the need for the separation between
ontology units such that a unit can be added or deleted from the whole knowledge base without

modifying, or only needs minimal change of, the syntax of other units.

3.1.1.1 Loose Coupling

One of the major concerns in designing ontology modules is that the interaction between
ontology modules should be minimized so that di erent modules are only loosely coupled. Syn-
tactically, it can be measured by the connectedness (Schlicht and Stuckenschmidt, 2006) of
ontology modules, i.e., the number of shared symbols between axioms in di erent modules.
The intuition is that the communication overhead needed in distributed computation is heav-
ily in uenced by the exchange of messages that contain the shared symbols. Hence, in order
for e cient reasoning to be possible, ontology modules must be only loosely connected (Amir
and Mcllraith, 2005). Such a notion of modularity also leads to several structural criteria for
ontology modularity based on graph decomposition (Stuckenschmidt and Klein, 2004; Schlicht
and Stuckenschmidt, 2006).

3.1.1.2 Organizational Structure

It is often useful to distinguish between two types of structures in ontologies: organizational

structure and semantic structure. The organizational structure of an ontology consists of an
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arrangement of symbols and axioms into moderate-sized units which is aimed at making the
ontology easy to design, use, and reuse. The semantic structure of an ontology, on the other

hand, deals with the relationship (e.g., concept hierarchy) between meanings of symbols in an

ontology.
People Ontology N
People v 8hasChild:People
Family v 9hasMember:People
Marriage Vv = 2hasMember:People
Owner v People u 9owns:>
-
— Pet Ontology N
Dog Vv Pet
DogOwner v People u 9owns:Dog
\ J

Figure 3.1 Organizational Structure vs. Semantic Structure

For example, suppose there are two ontologies where knowledge is organized in di erent
modules about pet and people, respectively (Fig. 3.1). The division of knowledge (represented
by axioms) in di erent units (typically each with a focused domain, e.g., pet or people) forms the
organizational structure of the ontology. On the other hand, semantic structure of the ontology
is speci ed by axioms (possibly from multiple modules) explicitly (e.g., a DogOwner is a People
who owns Dog) or implicitly (e.g., a DogOwner is a Owner). Organizational substructure does
not necessarily always correspond to the semantic structure: concept subsumptions that form
one concept hierarchy may be from di erent modules (e.g., in an upper-level general ontology
and a domain-speci ¢ ontology), and concepts that are not directly semantically related may be
organized together in one module to describe a domain from multiple aspects (e.g., on marriage
and ownership about people in Fig. 3.1).

The distinction between organizational and semantic hierarchies can be understood by draw-
ing an analogy with object-oriented programming languages such as Java. In such languages,
new classes can be derived from (and hence semantically related to) existing classes. Such class

hierarchies o er an example of semantic structure. Java also has a notion of packages, which are
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organized in a package hierarchy. Semantically unrelated classes can be organized into packages
that bundle together the classes that are used in a speci c class of applications (e.g., graphics).

Unfortunately, unlike the case of software engineering where modular design of programs is
supported by formal methods, there still lacks principled ways to guide the design of ontology

organizational structure.

3.1.1.3 Syntactical Partial Reuse

Ontologies are very likely to be reused. However, the lack of modularity in ontologies often
leads to the \everything or nothing" choice in ontology reuse. For example, in creating a
\MyPet" ontology, one may want to import the knowledge about pets from a comprehensive
‘Animal’ ontology. However, if the \Animal’ ontology is only treated as a monolithic entity, one
can only reuse the ‘Animal’ ontology in its entirety, although only a small part of it is needed.
Modular structure would enable exible and e cient partial reuse of the ontology. As shown
in Fig. 3.2, a modularized version of the \Animal" ontology allows only the relevant parts of
the whole N\Animal™ ontology being reused by the \MyPet" ontology, thereby avoiding the need
to import unwanted ontology fragments. This is especially useful when the reused ontology is
very large.

Animal Ontology Anima Ontology
(Centralized) (Package-extended)

General Pet
Poultry iLivestock

General
- (i) |

S () = ()
- (s |

e

g
&

I:I Semantics incorporated in MyPet ontology
Legend: . _
I:I Semantics not presented in  MyPet ontology

C——> Semantic importing

Figure 3.2 Total Reuse vs. Syntactical Partial Reuse
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3.1.2 Semantic Modularity
3.1.2.1 Contextuality

Due to the distributed nature of the semantic web, ontologies on the semantic web typical
capture only contextual knowledge. Such knowledge may depend on many implicit assumptions
that the ontology users are not always aware of. Examples of contextual phenomena in web

ontologies include the following:

Implicit Domain of Discourse. Consider two independently developed ontologies: a
People ontology and a Work ontology. The People ontology asserts (with an implicity
context of people) \those that is not a man is a woman™, and Work ontology asserts \an
equal opportunity enterprise employs both men and women™. Attempts to reuse that
knowledge without regard to it applicable context can lead to unintended consequences.
For example, an attempt to reuse the knowledge from the People ontology in the context
of the Work ontology may lead to the absurd conclusion: \every enterprise is either a

man or a woman"'.

Di erence in the Universe of Discourse. Suppose we will query two ontologies
about people in two di erent departments. In the rst ontology, the universe of people is
explicitly enumerated by their names, which can be modeled using nominals in description
logics, e.g., People = fAlice; Bobg. In the second ontology, the universe of people is also
explicitly enumerated but with a di erent set of names (which is disjoint from the ones in
the rst ontology), e.g., People = fCarol; Dave; Eveg. Hence, the two ontologies disagree

on the members of People such that it has di erent interpretations in the two contexts.

Subjectivity. Contextual di erences also occur when there are con icting political,
cultural or social points of view of ontology producers (Guha et al., 2004). For example,
in Western countries, the notion Weekend typically refers to Saturday and Sunday, while
in Muslim countries it is Friday and Saturday. For another example, an animal ontology

may assert a dog is a carnivore, a carnivore only eats animals, and a animal is not a plant:

Dog v Carnivore
Carnivore Vv 8eats:Animal

Animal v :Plant
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However, a dog ontology, which may reuse knowledge from the animal ontology, asserts

that a sick dog sometimes eats grass which is plant

SickDog Vv Dog u 9eats:Grass

Grass v Plant

Both the modules capture truth from local points of view. There is no requirement for
the author of the general animal ontology module to know all possible \exceptions™ in the
future, and the dog ontology module doesn’t want to give up the whole general animal

ontology module just because of few inconsistencies.

Spatio-Temporal Contexts. The same sentence or symbol may have di erent validity
or meanings in di erent places or at di erent time. For example, the sentence \Today is
weekend™ may be true or false in di erent time zones of the world at the same moment,
or in the same place but in di erent days. Ontology evolution can also lead to temporal
context change: For example, Hong Kong has recently changed from the 6-day work week
system to the 5-day work week system, hence the meaning of Weekend on web pages made

in di erent time in Hong Kong may refer only Sunday or both Sunday and Saturday.

Contexts in Al and KR (Knowledge Representation) has received increasing attention from
early 1990s, including the pioneering work of McCarthy and Guha (Guha, 1991; McCarthy,
1993; Guhaet al., 2004), Local Model Semantics / Multi Context System (LMS/MCS) (Giunchiglia
and Ghidini, 1998; Ghidini and Giunchiglia, 2001), and Propositional Logic of Context (PLC) (Bu-
vac and Mason, 1993; Buvac and Kameyama, 1998). Please refer to a survey paper (Sera ni
and Bouquet, 2004) for more details. Recently, some of those work is extended to the semantic
web setting (Bouquet et al., 2003; Guha and McCarthy, 2003; Bontas, 2004; Stoermer, 2006;
Stoermer et al., 2006). These e orts have led to the realization that, due to the unavoidable
contextuality of web ontologies, it is unrealistic to have a single ontology; instead, web ontologies

are necessarily contextualized, distributed and modular.

3.1.2.2 Semantic Partial Reuse

Syntactical partial reuse of ontologies addresses the need to reuse knowledge with the pre-

de ned organizational structure of ontologies. However, such a syntactical solution is not
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enough for \dynamic™ reuse of ontologies, where no single pre-de ned organizational structure
can provide e cient reuse of the ontology in all possible reuse scenarios. For example, suppose
one wants to develop a pet chicken ontology and reuse the animal ontology in Fig. 3.2. Even if
the ontology has pre-de ned modules which are relevant (e.g. about Pet and Poultry), it may
not be necessary to reuse all the contents in those modules for this particular reuse scenario,
e.g., knowledge about dogs in the Pet module is not relevant and does not need to be reused.
A semantic solution to partial reuse may be realized by providing methods for automatic
discovery of semantically \relevant™ modules for arbitrary reuse problems (Pan et al., 2006;
Grau et al., 2007; Alani et al., 2006). Hence, not all knowledge in the reused ontologies (or
ontology modules), but only the relevant part of it, will be propagated to the target ontology
(or ontology module). However, several problems that related to semantic partial reuse are
still remained open, including principled ways to support semantic partial reuse in ontology

language, and algorithms to extract minimal relevant modules from an ontology.

3.1.2.3 Semantic Encapsulation

Analogous to software engineering where the \the separation of concerns" is a highly desir-
able feature of programs, breaking an ontology into semantically distinct modules that overlap
in functionality as little as possible is desirable in knowledge engineering. (Loebe, 2006) argues
that, resembling to software engineering, the basic notion of modules in ontologies may also be
the separation of the interface (which de nes services of a module) and the implementational
body. An interface of an ontology module can be either a query language or subset of the given
vocabulary. In this work, we refer such a feature as the semantic encapsulation of ontology
modules.

To obtain the intuition of semantic encapsulation, we can consider the following example.

Example 3.1 : Suppose Alice and Bob create ontologies for their pets. These ontologies might
be queried by their pet doctors. For example, a query against the two ontologies is that \if a
pet y eats grass'. This query can be denoted by ?(9eats:Grass)(y) in description logic. There
is no requirement that both Alice and Bob maintain their pet ontologies in the same language.

For instance, Alice’s agent can use a TBox of the ontology language ALCO (in which x;y are
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nominals):

X Vv Grass
y v Dog

y Vv Oeats:x
while Bob’s agent can use an ontology written in ALC with an ABox:
TGrass(x); Dog(y); eats(y; X)g

Both approaches guarantee that the concept membership query ?(9eats:Grass)(y) has the
same answer, although the underlying representations are di erent. Since implementation de-
tails are of no interest to users who query the ontologies, they can be easily hidden from such

users.

Based on the discussion above and (Loebe, 2006), we believe semantic encapsulation in

ontology modules means the following features:

The Separation of Interface and Content. The communication between ontology
modules is necessarily controlled and is only possible through the interfaces of those
modules. It is also possible that one ontology has multiple interfaces (Bao and Honavar,

2005a).

Information Hiding. Internal information of an module can be hidden from other
modules or agents that querying the module. Hence, it may not be necessary for the
whole vocabulary or axiom set of an ontology to be visible (i.e., in the reuse interface) to

other modules or users.

Independence. Ontology modules, while may not be completely isolated from each
other, should have focused local knowledge domains such that an module can still answer
gueries about a local domain when used independently. Hence, interaction between ontol-
ogy modules should not result in unintended changes of the inherent semantic structure
of those modules. In other words, modules should be semantically loosely coupled and
highly cohesive. Such a feature is very useful on the semantic web since ontologies, like
web pages, are very likely to be dynamically published or vanished, and a \bad link" to

a module should not result in other modules in the ontology being completely useless.
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Substitutability. Ideally, a semantically well-behaved module can be replaced by an-
other module of with the same query interface. That feature would be useful since software
agents on the semantic web, which produce ontologies/data and query ontologies/data of

other agents, could be the products of many di erent enterprises.

Note that two modules that are loosely connected in syntax may be strongly interact with
each other in semantics. For example, consider two ontologies:

O =fA1 VA, Ao vAsz i Ah 1 VAR

O, =f>v A

The two modules only share a single symbol A;; however, when used together under the

rst-order semantics, the semantic structure of Oq is strongly a ected: all A; (i = 1;:::;n)

become equivalent concepts.

It is also possible that two modules are semantically modular but have strong syntactic
connectedness. For example, consider:

O, =fA1vB; :; AhvBg

O, =1fC VA i; CvAyg

0O; and O share every symbol except B in O; and C in O,. However, the two ontologies
do not in uence the semantic structure of each other. Hence, they are only loosely coupled in

semantics.

3.1.3 Other Modularity Considerations

In addition to syntactic and semantic modularity concerns, other modularity considerations

include engineering bene ts and scalability in reasoning and ontology building.

3.1.3.1 Engineering Bene ts

Modularization brings bene ts to software engineering \as a mechanism for improving the
exibility and comprehensibility of a system while allowing the shortening of its development
time™ (Parnas, 1972). Practice in ontology engineering suggests that modularity in ontologies
may bring similar bene ts for the construction and management of large ontologies. More
precisely, the expected engineering bene ts of ontology modularity include the following (in

analog to their software engineering counterparts):
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Collaboration. An ontology with modular structure can be more easily constructed col-
laboratively with separate groups working on di erent modules of the ontology. Editing
con icts and semantic inconsistencies can be more easily detected and reconciled. Infor-
mation hiding can help ontology designers to focus on the modules that t best for their

expertise.

Flexibility. A modular structure allows ease composition or decomposition of an on-
tology; modules in existing ontologies can be more easily extracted and used in new
ontologies; an ill-designed or obsolete module can be replaced with a new module with

controlled impact on other modules.

Comprehensibility. Building or using an ontology often requires human users to un-
derstand the content of the ontology. An ontology with coherent and compact modules
can signi cantly improve its understandability. Modularity may also improve query per-

formance.

Debugging. Debugging an ontology is the process to detect and repair \errors™ (e.g.,
inconsistency or unsatis able concepts) in the ontology (Kalyanpur et al., 2006). Well-
de ned semantic modularity can help developers to quickly locate and eliminate problems

in ontologies.

Many of the above issues will be further addressed in detail in Chapter 7 (Collaborative

Building of Modular Ontologies).

3.1.3.2 Scalability

Many ontology tools, e.g., reasoners, editors and query engines, are known to perform well
on small-scale ontologies, but drastically degrade in performance when the size of the ontology
increases. Modularity can help to improve the practical scalability of such tools to handle

large-scale ontologies, including the following aspects.

Reasoning. The memory and space cost of the reasoning process may dramatically in-
crease when ontologies become large. Theoretical time complexity of consistency checking
of ALC with TBox is already in exponential time and tableau-based algorithms used by

popular reasoners run in 2NExpTime. Scalability studies (Gardiner et al., 2006) have
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revealed that popular description logic reasoners, despite being highly optimized, may fail
on reasoning tasks on ontologies with tens of thousands of concepts. Ontologies with large
instance sets can have millions of triples (Guo et al., 2005). Hence, it is often unrealistic to
preform reasoning over a large ontology in the centralized fashion. By decomposing a large
ontology into multiple semantically coherent modules, it may be possible to substantially

speedup reasoners. (Spaccapietra (Coordnator), 2005).

Communication. Ontology modules are likely to be physically distributed. A central-
ized reasoning would require transferring ontologies to a single location. Partial reuse
of ontology can reduce the time and network overhead required: instead of the entire

ontology, only the relevant modules of the ontology are need to be transmitted.

Editing and Visualization. Memory limits in semantic web terminals (especially for
mobile devices (Wahlster, 2006)) present a major bottle-neck in handling large ontologies.
Utilizing modularity, the memory required in editing and visualizing ontologies can be

reduced since it is possible to load only a selected subset of modules into memory.

Ontology Evolution. Modularization of an ontology makes it possible to localize the
impact of changes to an ontology. For example, to track updates of an ontology, only the
changes to relevant modules or axioms need to be archived (Bao et al., 2006g). Ontology
evolution can also be realized by \patching” an ontology with new modules instead of

re-publishing the whole ontology.

3.2 Modular Ontology Formalisms: Required Features

The previous section lists some application desiderata for ontology modularity. This section
will further informally describe the desirable features of a \good™ modular ontology formalism

in its semantics and expressivity to achieve those application desiderata.

3.2.1 Semantic Requirements

Based on the desiderata discussed in the previous section, we rst list a set of minimal
semantic requirements for modular ontology languages (Bao et al., 2006b) on the semantic web

as the basis for our design and comparison of modular ontology formalisms.
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3.2.1.1 Localized Semantics

A modular ontology should not only be syntactically modular (e.g., by storing ontologies
in separated XML name spaces), but also semantically modular. That is, the existence of a
global model should not be a requirement for integration of ontology modules. Otherwise, it is

di cult to support contextuality and reasoning with only local knowledge.

3.2.1.2 Exact Reasoning

The answer to a reasoning problem over a collection of ontology modules should be se-
mantically equivalent to that obtained by reasoning over an ontology resulting from a selec-
tiveintegration of the relevant ontology modules. For example (see Fig. 3.3), suppose an
ontology O contains

fAvB;BvC;CvDg

and a modularized version of O has two modules M; = fA v Bg, M, = fC v Dg and a
semantic connection B ¥ C, which represents the modularized version of B v C. The answer
to any reasoning problem (e.g., if A v D) obtained by the integration of M1; M, and B ¥ C

should be the same as that obtained by using a sound and complete reasoner on O.

Modular Ontology Integrated Ontology
AvB
AvB |=—> |CVD BvC @)
BYcC CvD
M; M
AYD AvD

Figure 3.3 Reasoning Exactness

We call such a property the reasoning exactness of module ontologies. The description given

above is only informal; more precise description depends on answers to the following questions:

How are modules integrated? Are the modular ontology and the integrated ontology
indeed equivalent representations of the same intended modeling scenario? For example,

ifweuse B f C to represent concept inclusion between B and C in the modular ontology,
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its correspondence in the integrated ontology should be B v C, and we expect \ Y in the
modular ontology to have the similar properties as that of \v" in the integrated ontology

(e.g., transitivity).

From which context do we say that the reasoning is exact? Is the integrated ontology
unique from points of view of di erent modules? Is the global consistency of all modules

a prerequisite for integration?

What reasoning problems should be answered identically by the modular ontology and its
integrated counterpart? For example, suppose we have \f" to represent \v"* and Vi
to represent \w" in the modular ontology, the modular ontology entails A ¥ D when the
integrated ontology entails A v D, should it also be required that the modular ontology

entails A ¥ :D when the integrated ontology entails —Aw -D ?
A related property named \compositionality™ is stated in (Loebe, 2006):

\If certain logical properties are proved for modules, there should be general means
to derive these properties for the overall system. For example, the consistency of a
set of modules may immediately result in the consistency of their combination, i.e.,

due to the combination operation de ned for modules™

We regard reasoning exactness as a special case of compositionality. However, composition-
ality is a stronger requirement which may not hold in general. For example, even when all

modules are locally consistent, their combination may not necessarily be consistent.

3.2.1.3 Directionality

A modular ontology framework must support directional semantic relations from a source
module to a target module. A directional semantic relation a ects only the reasoning within
the target module but not the source module. This requirement is motivated by the fact that
ontology reuse is typically an asymmetric process such that the \new" (target) module should
not have information \back ow" into the reused (source) module. A similar requirement has
been presented in (Borgida and Sera ni, 2003).

For example, in the Fig. 3.4, module M; reuses module My; however, the new knowledge

B v C should not be back propagated into M;. Hence, M; should not entail that A v D.
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AvB

CvD — BvC
M]_ MZ

AvD AvD

Figure 3.4 Directionality of Modular Ontologies

3.2.1.4 Monotonicity and Transitive Reusability

Classic knowledge reuse in description logics is monotonic in the sense that new knowledge
does not alter logical consequences of existing knowledge. That is, if a statement is provable
in a knowledge base K, then is also provable in K [ K? where K" is a new knowledge base. We
wish that ontology reuse in a modular fashion will also have the monotonicity property, hence
extending a knowledge base in the modular way will have the same e ect as that of extending
it in the classic way.

A special case of monotonicity is transitive reusability, i.e., knowledge contained in ontology
modules should be both directly and indirectly reusable. That is, if a module M reuses module
M, and module M, reuses module M3, then e ectively, module M; reuses module M3 (i.e.,
\relevant™ axioms in M3). For example, in the Fig. 3.5, knowledge in M1 (A v B) may be

indirectly reused by M3 to obtain the conclusion that A ¥ D.

AvB |——> |BVC |=——>|CVvD

M1 M, M3

y

AYD
Figure 3.5 Knowledge Transitive Reusability

The monotonicity requirement is also di erent from monotonicity in classic knowledge reuse

on the following aspects:

Di erent modules may draw conclusions from di erent contexts. For example, suppose a
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People ontology (with the implicit context of people) asserts that \every individual is a
human" (> v Human), and a Pet ontology reuse the People ontology, if the pet ontology
is required to also assert the same conclusion in the pet context, it will have to assert
that \every pet is a human" (Pet v Human). Hence, contextuality of knowledge should

be preserved when axioms \propagate" to other modules.

An ontology module O may only be partially reused by another module O, some axioms
in O may not be \relevant to the reused part, hence it is not necessary to propagate
such axioms to O'. For example, assuming O contains fA v B;C v Dg, O' reuses O by
importing the symbols A; B but not C;D; C v D may not be required from the point of

view of O’ since it is \irrelevant™ to the knowledge about A; B.

3.2.1.5 Decidability

Decidability is required to develop sound and complete reasoners for modular ontologies.
In practice, it is usually easier to ensure local decidability of component ontology modules as
opposed to decidability of the entire ontology. Hence in designing a modular ontology formalism,
we will focus on the \decidability transfer property of modular ontologies, i.e., ensure that the
whole ontology is decidable if every component module is locally decidable.

It is known that unrestricted combination of ontology modules can result in undecidability
even when every component module is locally decidable. For example (from (Baader et al.,
2000)), the union of ALCF (ALC extended with functional roles and the same-as constructor
on chains of roles) and ALC* ‘'t (ALC extended with transitive closure, composition and union

of roles), both known to be decidable, results in the undecidable logic ALCF*: ‘€,

3.2.1.6 Discussion of Other Desiderata

We believe that the desiderata listed above are among the most critical ones for a modular
ontology to be semantically sound and practically usable. Other desiderata that have been
considered in the literature include: the ability to cope with local inconsistency or global
inconsistency (Borgida and Sera ni, 2003) and local completeness (Grau et al., 2006d) (i.e., a
module has the complete knowledge about its own vocabulary). We do not consider them here
since we believe they address disparate aspects from the desiderata required for the design of a

modular ontology language, hence are best handled by other machineries.
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Inconsistency handling requires techniques to come up with meaningful results from incon-
sistent modular ontologies, such as removing locally inconsistent modules from the reasoning
process (Borgida and Sera ni, 2003) (by giving empty interpretations to those modules), select-
ing a consistent subset of an inconsistent ontology (Huang et al., 2005), debugging \problems"
that lead to the inconsistency (Parsia et al., 2005; Kalyanpur et al., 2006; Meilicke et al., 2007),
and defeasible extensions to ontology languages (Heymans and Vermeir, 2002; Bassiliades et al.,
2004). However, such techniques are motivated by a very di erent set of desiderata in the more
general context of semantic web and are not special to modular ontologies. It is best to be
separated from the modular ontology language speci cation and be preformed as extra service
over the language layer.

Local completeness is a property that is best achieved by certain design pattern of ontol-
ogy modules instead of as a property of the ontology language. Furthermore, requiring local
completeness may preclude many useful modeling scenarios (e.g., re ning the class hierarchy of

existing symbols with new knowledge).

3.2.2 Expressivity Requirements

The second group of requirements that we consider is aimed at evaluating the language ex-
pressivity. The expressivity of modular ontology formalisms can be measured in two dimensions:
the expressivity of component ontology modules and the expressivity of semantic connections
between component ontologies.

In semantic web applications, we expect each ontology module to be expressed using the
standard ontology language OWL, or can be translated into OWL by some mediators. Hence, in
this work we assume each component ontology module is expressed in a subset of the description
logic SHO1Q(D)?, which roughly corresponds to OWL-DL.

Semantic connections are relations between vocabularies in di erent modules. We illustrate
such a need using an example of an ontology with two modules: a people module and a pet

module. Typical semantic connections include the following:

Concept Subsumption (and its special case, Concept Equivalency) between modules

is probably the most urgently needed feature. We may need to assert that a concept in

1For the purpose of conciseness, we will omit the concrete domain (D) from discussions hereafter. However,
the result we obtained can be easily extended to the case that with concrete domain.
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one module is more general than (i.e., a generalization of) or less general than (i.e., a spe-
cialization of) another concept in another module. For example, we may need to say \Do-
gOwner in the pet module is less general than Human in the people module™ (corresponds
to pet:DogOwner v people:Human in standard DL) and NAnimal in the pet module is more
general than Human in the people module™ (corresponds to people:Human v pet:Animal

in standard DL).

Boolean Concept Constructors. They allow us to build complex concepts based on
concepts from di erent modules, using boolean operators such as negation (:z) , con-
junction (u) and disjunction (t), e.g., \not Pets" (e.g., in people:Human v :pet:Pet),
\Male DogOwner" (people:Male upet:DogOwner), \Baby or Puppy" (e.g., in people:Babyt
pet:Puppy v pet:MilkFeeding)

Restrictions. If R is a role and C is a concept, the language may include existential
restrictions (9R:C), universal restrictions (8R:C) and quali ed number restrictions (e.g.,

2R:C). R or C may be a foreign symbol, or both are foreign symbols. These features
can be further divided into tree groups 1) with local role name and foreign concept name;
2) with foreign role name and foreign concept name; 3) with foreign role name and local

concept name.

Role Inclusion (and its special case, Role Equivalency) between modules. For ex-
ample, we may need to say \ registering (a pet) implies ownership™ (corresponds to

pet:registerPet v people:owns in standard DL).

Role Inversion between modules. For example, the inverse of pet:ownedBY is human:owns

(corresponds to pet:ownedBy W people:owns in standard DL).

Transitive Role, which allows the use of a foreign transitive role, e.g., the pet module

reuses a transitive role olderThan in the people module.

Nominal Correspondence. For example, the pet module declares that golden (a nom-
inal used to describe color) is the same as fair (a nominal to describe human hair color)

in the human module.

Table 3.1 summarizes the features described above. They may be extended with other

useful constructors, such as role construction (role complement (- R) , conjunction (RuQ) and
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Table 3.1 Semantic Connection Expressivity of Modular Ontology Lan-

guages
Feature Notation \ Corresponding Standard DL Features
Concept Subsumption v CvD
Nominal Correspondence 0 a=bhb
Role Inclusion H RvQ
Concept Negation ¢ :C
Concept Conjunction u CubD
Concept Disjunction t ctD
Universal Restriction 8 8R:C
Existential Restriction ° 9R:C
Attributive Modular Language ALC — ut8sC
Number Restriction Q | nSC, nScC
Role Inversion ! R
Transitive Role R+ Trans(R)
S — ALCr~

C; D are concept names, a;b are nominal names, R;S; Q are role names and S is a
simple role, n is a non-negative integer. For each formula, at least one name in it is
a shared name (i.e., occurring in multiple modules).

disjunction (R t Q))?, transitive closure (R ) and role chain (e.g., R S v R). We do not
consider them here since they have no correspondences in OWL-DL.

Based on di erent intended application scenarios, a speci ¢ modular ontology language
may only contain a subset of the possible expressivity features. For example, Distritbuted
Description Logics (DDL) (Borgida and Sera ni, 2003; Ghidini and Sera ni, 2006a) covers
concept subsumption and nominal correspondence, and E-connections (Grau et al., 2004b)

addresses only concept and role construction with a special type of roles called \links".

3.3 A General Framework for Modular Ontologies

The goal of this section is to formalize many notions (informally) described in the previous
section and present a general semantic framework for modular ontology languages. We will
discuss an Abstract Modular Ontology (AMO) language, extending the Local Model Semantics

framework of (Ghidini and Giunchiglia, 2001) with multiple domain relations, for the formal

2Limited role construction has been provided in E-Connections (Grau, 2005).
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speci cations of semantic requirements and expressivity requirements of modular ontologies.

3.3.1 Semantics of Modular Ontologies at a Glance

\Ontology is the science of being"(Aristotle, Metaphysics). In a general sense, a modular
ontology is a set of individual descriptions of the same domain that represent correlated, but
not identical points of view of multiple observers, or agents. Thus, each ontology module can
be seen as describing a point of view (or epistemic state) held by an agent with respect to the
entities (objects) and their relations in the domain. We call the collection of entities that are
observed by an agent the local domain of the agent’s ontology.

For example, considering Alice and Bob who have di erent descriptions of the the same
global domain (people in the world) due to contextual di erences and limited knowledge. For
example, Alice may believe \Bob is my best friend" while Bob believes \I'm not Alice’s best
friend". The local domain of Alice will be the set of people she knows, which may be di erent
from Bob’s local domain (the set of people he knows).

However, such local descriptions are not always independent of each other. For example, if
Alice observes that \John is the father of Joe", it should not be the case that Bob observes that
\Joe is older than John". We say that semantic relations re ect the ability of agents to build

relations between their local points of view. For example, suppose agent Bob believes that

\ ‘Joe’ mentioned by Alice is the same as the individual ‘Joe’ | mentioned, ‘John’ men-

tioned by Alice is the same as the individual ‘John’ | mentioned ** and

\if an individual x is the father of y, then y is not older than x",

then the apparent inconsistency between their beliefs can be avoided. In this setting, semantic
relations, just as ontologies, are also subjective beliefs rather than objective descriptions. For
example, it is possible that Alice believes \the ‘Joe’ | mentioned is the same individual ‘Joseph’
mentioned by Bob" while Bob believes \ ‘Joseph’ and ‘Joe’ | mentioned are two di erent per-
sons™; hence the individual correspondences in Alice and Bob’s beliefs are di erent. In general,
the scenario described above can be extended to a setting with multiple interacting agents.
Due to the subjectivity and contextuality of their beliefs, those agents’ local knowledge and

semantic relations between each other may only be partially compatible.
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Ontology modules can be viewed as epistemic descriptions of the physical world held by dif-
ferent agents, and semantic relations between ontology modules establish the (possibly partial)
compatibility relation among those epistemic descriptions. In what follows, we will describe
the Abstract Modular Ontology (AMO), a special type of Distributed First-Order Logics
(DFOL) (Ghidini and Sera ni, 1998), to provide the necessary framework for the evaluation of

modular ontology languages. In particular, we will investigate the following problems:

How can we formally describe the semantic requirements and expressivity requirements

we presented in the last section?

Under what circumstances can a reasoning process in a modular ontology language be

said to be sound and complete?

What are the sources of possible semantic di culties in some modular ontology languages?

How can such di culties be avoided?

How the compatibility relations between subjective beliefs are interpreted?

3.3.2 Abstract Modular Ontology

Distributed First-Order Logics (DFOL) was rst introduced in (Ghidini and Sera ni, 1998).
A DFOL knowledge base (KB) includes a family of rst order languages fL;gij>;, de ned over
a nite set of indices I. We will use L; to refer to the i-th module of the KB, which represents
the description of agent i on its observed (partial) domain. An (i-)variable x or (i-)formula
occurring in module L; is denoted as i : x or i : (we drop the pre x when there is no
confusion). The signature (the set of all names) of L are i-terms. A DFOL interpretation
constraint is in the form of i : (X1;::5%n) ¥ J @ (y1;::5yn), where ; are n-ary predicates
and hx;; yii is connected by a domain relation r;j;.
An Abstract Modular Ontology (AMO) (Bao et al., 2006b) KB hfL;g; fRjjgieji is a
variation of DFOL such that each component language L; is a subset of description logics
(DL)3, and Rij represents the set of semantic relation rules between agent j’s own knowledge

and another agents i’s (j & i) knowledge, which extend DFOL interpretation constraints (details

3In general, not all description logics are subset of the rst order logic, such as the case for Description Logics
that allow the transitive closure of roles or xpoints, which can only be translated into predicate logic beyond
rst order.
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in the follows). We restrict ourselves to the setting where each L; is a subset of the expressive
DL SHOI Q. We also assume that semantic relation rules are binary, hence we do not consider
n-ary relations (n > 2)* such as\ifi: andj: thenk:>".

Instead of a single relation between each pair of agents, we assume that each agent may
need to interact with another in di erent roles in di erent contexts. For example, a company
can both buy and sell products from and to another company. Consequently, there may be
multiple semantic relation roles between ontologies held by a pair of agents. We denote the set
of roles of semantic relations between L; an L; as roljj.

Example of semantic relation rules in concrete modular ontology languages includes bridge
rules in DDL (Borgida and Sera ni, 2003), E-connection (Grau, 2005), and concept importings
in P-DL (Bao et al., 2006¢) between two ontology modules. (Sera ni et al., 2005b) have noted
that such rules can be mapped to DFOL interpretation constraints. Note that DL concepts are
unary FOL predicates and DL roles are binary predicates. Consequently, a semantic relation

rule in AMO is an axiom in the form of;

frg;r2ro|i-i

i:C(xX) Jj:DX) 3.1)

. frg;r2rol;j .
i 0 R(X1;%2) T j:S(xe;%2) (3.2)

where C(D) is a DL concept formula and R(S) is a DL role formula constructed using symbols
from Li(L;), frg is a set of semantic relation roles via which the rule is enforced. Note that free
variables (e.g.,\x™) have di erent reading at the lhs and rhs of the equations: on the lhs they
denote variables in the domain of Lj, while on the rhs they denote variables in the domain of
L.

A model of AMO includes a set of local models and domain relations. For each L;, there
exists a local interpretation domain . Let M; be the set of all DL models of Lj on ;. We
call each 1 2 M; a local model of L. For a model of L;, we have the usual DL interpretation
for its concept, role and nominal names. For each semantic relation role R 2 rol;;, the domain
relation r{}, where i & |, is a subset of j that represents the capability of the module j
to map the objects of j into j via R.

Hence, the general form of semantic relation rules in AMO can be interpreted as (in the

“Examples of proposals with n-ary semantic relations include (Franconi et al., 2003) (motivated for peer-to-
peer database applications) and (Sera ni et al., 2005b).
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FOL form):

Thx;x’i2rR g;R2roljj )
i C(x) T ITE Ny j DO (3.3)

fhxp;x%i2rﬁg;p2f1;29;R2rolij.

i 1 R(X1;X2) Pojosed;xh) (3.4)

Equation 3.3 should be read as \if i : C(x) and hx; x"i 2 r{}, then j : D(x’)". The reading
of the equation 3.4 is similar.
For a domain relation rﬁ of a semantic relation R 2 rol;j, we use hd; d"i 2 rﬁ to denote that

from the point of view of j, the object d in ; is mapped to the object d’ in j» Via relation

R. Finally, ri3(d) denotes the set fd’ 2 jjhd;d’i 2 rig. For a subset D i, r3(D) denotes
Lazp riFf (d).
1 radvisedBy 2
12
/\
a2 [ @ by)Faculty'=
@) 8.3 ®
rtaughtBy
Student '2 \12/ ResearchAssigtant 2
ri%meAs

Figure 3.6 Domain Relation

Example 3.2 :An ontology contains two modules Lgi.o4. Lj contains knowledge about stu-
dents, such as Graduate v Student (an 1-formula). L, contains knowledge about faculties, such
as Professor v 8hasAssistant:ResearchAssistant.

The semantic relation roles rol,1 is empty, while rol;, contains three relation roles advisedBy
(to indicate advisorship between students and faculties), taughtBy (to indicate the student-
instructor relationship) and sameAs (to indicate individual correspondence between the two
domains). The semantic relation Ry» contains the rule \a ResearchAssistant must be Student™,
formally described as

-vi?2rsameAs
X, yi2rig 4

: h
8x 2 ;;ResearchAssistant(x) ¥ Oy 2 4;Student(y)

A model of the ontology is shown in Fig. 3.6. The local domain 1 has Student objects

ai; ap; as, and local domain , has Professor object b; and ResearchAssistant object fb,g. The
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domain relations r{3™eAs is fhl : as;2 : bpig, r29"Y is fhl : ap;2 : byig, and ri39MBY s

fthl : ap;2 : biig;hl : a3;2 : byig. Note that the same pair of individuals (1 : a;2 : b1) can be
related by two di erent relations (advisedBy and taughtBy). r$3MeAs(1: ag) = f2 : bpg indicates

that (from the point of view of L) by is the same individual as az.

3.3.3 Expressivity of AMO

The AMO framework given above does not address the ability of the language to express
semantic relations between ontology modules. For example, can two modules share parts of
their signatures? If some symbols are shared, does such a syntactical correspondence indeed
ensure shared symbols in the two modules are \consistently” interpreted? How is the meaning
of a symbol in one module related to the meaning other symbols in another module? How can
the expressivity requirements we outlined in the previous section be precisely de ned?

To answer those questions, we rst examine how local domains of di erent ontology modules,

as the epistemic descriptions of the physical world from multiple agents, are related.

3.3.3.1 Individual Image Relations

First, the same entity in the physical world may be observed by di erent agents (possibly
from di erent points of view), hence are represented in the local domains of those agents’
ontologies. For example (Fig. 3.7), suppose two agents i and j both know the person \Robert";
the agent i identi es the person as bob and the agent j identi es the person as bobby. The agent
J may further observe that whenever the agent i mentions \bobby", it refers to the same person

identi ed as \bob™ by j. Such a correspondence can be represented as a special \image" domain

'
ij o

implies that the object d’ in the j’s point of view denotes the same physical entity as the object

relation from the domain of i to the domain of j (denoted by ri}), such that hd;d’i 2 r

d in the i’s point of view; d’ is called an image of d and d is a pre-image of d’. Hence, in the
above example we have hbob; bobbyi 2 rj .

Note that the image domain relations, in general, are not necessarily one-to-one. For
example, agent i may have two di erent individuals MorningStar and EveningStar in its
local domain j, while another agent j maps both of them to the individual V enus in its local
domain . In general, image domain relations are not necessarily symmetrical, either, due

to the subjective (\directed™) nature of domain relations, i.e., it may not always the case that
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(in the physical world)

Figure 3.7 Image Domain Relation

ri} = (rj!i) (for any i & J). However, we will show in the following text that arbitrary image
domain relations can lead to semantic imprecision and reasoning di culties, and principled

approaches to avoid such problems.

3.3.3.2 Concept Images

Suppose agent i interprets a concept Student in its local domain ; as Student'i (a subset
of ), then another agent j will regard ri} (Student'i) as \these objects in my local domain
correspond to the concept Student from agent i’s point of view". In other words, ri} (Student'?)
indicates the reading of agent j on the interpretation of Student by agent i. We call riJ! (c")
as the concept image of C'i, and denote it as C'"J.

i ]

| |

7 N

| - 1 \
>O \

‘ 1

// ]

\

— /

\—//(:O //
chi \—*Ci!J

Figure 3.8 Concept Image
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In general, a concept image C'"J does not necessarily correspond to a named concept in
ontology module j, or even be an empty set (indicating that no physical objects identi ed as
C by i is observed by j). However, we may assert, in a local domain, the relation between
a concept image and the interpretation of a named concept, or between a concept image and
another concept image. The mechanisms to specify such relations varies in di erent concrete

modular ontology languages.

3.3.3.3 Role Images

Using the image domain relation, an agent may also create \images™ of relations of individu-
als in another agent’s local domain. For example, suppose the local domain of an agent i has one
Planet individual V enus, one Star individual Sun, and the binary relation circles(V enus; Sun);
the domain relations are as that shown in Fig. 3.9; the pair hV enus; Suni hence can be mapped
as pairs:

hMorningStar; Soli ; hEveningStar; Soli

hMorningStar; Heliosi ; hEveningStar; Heliosi

which indicate \the pairs of individuals in j’s domain that correspond to the instances of role

circles in i’s domain".

i ij ]

Sol Helios

Sun O</_\\O @)

— & N
CirCIeI circles' *J
| &

Venus O< I | -0 O

MorningStar EveningStar

Figure 3.9 Role Image

In general, agent j can map role instances in i’s domain to its local point of view: for any
relation instance hxy;Xoi in i, J will regard ri} (X1) ri} (x2) as a proper image of the
relation. It should also be kept in mind that rj; is always a relation viewed from j’s point of
view. For example, the fact that a person x thinks \y is my best friend" doesn’t necessarily
mean that y thinks \I’'m x’s best friend".

In summary, the image of the interpretation of a concept C or a role P from i to j is:
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N H (D!
i S
p! !J: hx;yi2P ti rij! (X) rij! (y)
Similarly, pre-image of a concept D or a role R from j to i is de ned as

D' I (r§) (D)

R'J hx;yi2R'i riJ! *) r-iJ! )

R R . R .
We may also extend such notations for concept image C' Ly or pre-image D' J via domain
relation rf3, instead of r;j .

3.3.3.4 Contextualized Constructors

Since each language L; only describes a local domain and will be interpreted in the local
domain j, the set of concept constructors (e.g., -;u;t) in AMO have only contextualized
meaning. To see this, consider a special case of concept image, the images of negated concepts.
For example, if agent i constructs a concept :Student (those that are not students) in its

ontology about people, it refers to the set of individuals in ; but not in Student'i, i.e.,
(zStudent)'i = inStudent'i (3.5)

Another agent j may have a di erent local domain j (not necessarily disjoint from ;)
about jobs. We let Cj; be the (syntactical) place holder for the concept corresponding to the
image of C, i.e., (Cij)"i =rf (C") =C'*J. We have that

(:Student;j)" = jn(Student;;)'i =  jnStudent' *J (3.6)

i.e., those objects in j’s mind that do not correspond to \Student™ in i’s mind. It does not
necessarily be the same as ri} ((: Student)'i) (those objects in j’s mind that correspond to
\not Student” in i’s mind); for instance, jnStudent'®} may contains objects that identify
physical entities that are not people, e.g., a company, which is not in ri}( i) (hence not in
ri} ( inStudent'?)). Hence, negation here has only local meaning: the \z" in (4.4) is interpreted
in the domain j and the \z" in (4.5) is interpreted in the domain ;.

In general, other constructors also should be contextualized. To make the di erence explicit,

we may attach subscripts \;" to the constructors of L; to obtain the following:
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Contextualized negation z;: (zijC)'" = ;nCi
Contextualized conjunction u;: (C ui D)'i =Ccli\D/ i
Contextualized disjunction t;: (C t; D)'i =Cli [ D" i

Contextualized universal restriction 8;: (8iR:C)'i =fx2 j8y2 i:(x;y)2R'i 1 y2
Clig

Contextualized existential restriction 9;: (JiR:C)'i =fx2 ;j9y 2 i;(x;y) 2Rli~ry2
Clig

Contextualized number restriction ;: ( i NR:C)'i =fx 2 j#(fy 2 ij(x;y) 2 Rli~
y 2 Clig) ng (similar for the ; case)

where C; D are i-concepts, R is an i-role.

One may ask the following questions: Can two local languages share a subset of their
signatures? Can a constructor of the language L; be used in the language L; (i & j)? If a
concept name C is shared by two languages L; and Lj, how :-;C and :-;C are related? Is
it possible to reduce contextualized constructors to \normal” DL constructors under certain
conditions? In chapter 4, we will show that di erent modular ontology formalisms, motivated

by di erent application scenarios, make di erent assumptions to answer those questions.

3.3.3.5 De ning Semantic Relation Rules

In a more general setting, a modular ontology language may also create third party con-
straints. For example, module j may reuse i-concept Student and k-concept People, and locally
declare i : Student v k : People. However, such a third party constraint can be avoided by an
\alias" (place holder) such that Student'®J and People®*J are given local alias Student;; and

People;;, respectively, thus transforming the concept inclusion to the one that connects only

j’
j-concepts.

A concept may be a complex concept constructed using a foreign role and/or a foreign
concept, such as universal restriction (e.g., 8R:C) or existential restriction (e.g., 9R:C), as
shown in the Table 3.2. It is also possible to construct concepts using semantic relations (see

Table 3.2); however, since a semantic relation Q 2 roljj corresponds to a subset of j» we
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Table 3.2 Possible AMO Expressivity Features

Syntax | Semantics

Concept Constructors

Concept Negation :iC rii (inC')
Concept Conjunction CujD |[C'™I\Dl
Concept Disjunction ct;D |[C'YI[DN
Universal Restriction 8iR:C |fx2 ;j8y2 j;(x;y)2R' ¥ y2C'tig
8jQ :C |fx2 jjsy2 i;(y;x)2r] ¥y2Clig
8iP:D | fx2 ;j8y2 j;(x;y)2P'*J ¥ y2Dlig
8jP:E fx2 jj8y2 j;(xy)2P'*i 1 y2EKlg
Existential Restriction 9jR:C [ fx2 ;j9y2 ji(x;y)2R'i;y2C'tg
9jQ :C | fx2 j9y 2 i (y;x)2r3 y2Clig
9;P:-D | fx2 j9y 2 j;(xy)2P'*I~y2Dlig
9;P:E fx2 j9y 2 ji(xsy)2P'*iny2Eg
Number Restriction® jNR:IC [ fx2 jj#(fy2 ji(xy)2RM~y2Citig) ng
jnQ C | fx2 jj#(fy2 ij(y;x)2ri(J?"y2C'ig) ng
jnP:D | fx2 jj#(fy2 jjy)2P'*iny2DYg) ng
jNPE | fx2 iy 2 jjxy)2Pitiny2EItig) ng
Role Constructors
Role Inverse P fly;x)2 j  jitcy)2P'g
Transitive Role Trans(P) | (P'*H+* =p'*J
Semantic Relation Rules
Concept CvD |c'Yi Db
Subsumption cwb |[c''] Db
Role PvR |P'"] R
Inclusion PwR |[P'*] R
Nominal Correspondence | fxg ¥ fyg |y 2 riJ! x)

1 case is similar.

C is an i-concept, D is a j-concept, E is a k-concept; P is an i-role, R is a j-role,
Q 2 roljj; X is an i-individual, y is a j-individual; i & j, j & k, i may be or may
not be k. All formulae represent module j’s point of view and constructed concepts

(roles) are j-formulae.
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need to use its inverse (Q ) to construct a concept in L; by universal, existential or number
restrictions.

Note that arbitrary combination of the possible expressivity features in AMO may even
lead to undecidability, since the union of multiple decidable logics may be undecidable (Baader
et al., 2000). The design of a practical modular ontology language has to be a tradeo between

the expressivity and reasoning complexity.

3.3.4 Semantic Requirements of AMO

To precisely specify the semantic requirements of AMO, we need to answer several questions.
First, what are the logical consequences in an AMO? How can local constraints in agents’ local
points of view in uence each other? For example ( g. 3.10), if agent i thinks \a is b’s best
friend", and agent j thinksi:aisx andi:bisy in j’s mind, can j infer the constraint that
\x is y’s best friend™? or a non-identical but compatible constraint such as \x knows y"? In

other words, can knowledge in agent i’s ontology propagate to agent j’s ontology?

b O—_| rij .oy
—
bestFriendOfI knows?

/\
a O— | ——@ X

Figure 3.10 Propagation of Knowledge Among Agents

Second, if there are inconsistencies in the points of view of two agents, what are the possible
causes of such inconsistencies? For example, if agent j holds the belief that \x is y’s enemy",
possible causes can be either i and j hold incompatible points of view while the image domain
relations (a ¥ x;b ¥ y) are sound ( g. 3.11 (a)), or i and j actually hold compatible points
of view but the image domain relations are wrong (e.g., j has mistaken z as y and names b as
z locally, while z is x’s enemy) ( g. 3.11 (b)). While the rst type of inconsistency is hard
to eliminate (subjectivity), are there principled ways to avoid the second type of inconsistency
(miscommunication)?

Third, if beliefs of agents are compatible, what is an \objective™ way to integrate their

knowledge? How can we \restore™ a description of the physical world that re ects the consensus
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(b) Wrong Domain Relation (Miscommunication)

Figure 3.11 Two Types of Inconsistencies between Agents

among the agents, such that logical consequences are consistent in the integrated description
and each local descriptions? For example (Fig. 3.12), if a person Alice (identi ed as i : a and
J : X) is observed as the best friend of another person Bob (identi ed asi: b and j :y) by both
i and j, how can we construct an \integrated" description that is acceptable by both i and j,
such that if i(j) asserts a conclusion (e.g. X is y’s best friend), the \integrated" description can
also con rm the conclusion?

Addressing such problems is critical in identifying and solving several semantic di culties
that arise in modular ontology languages. Next, we introduce some de nitions that are useful

in precisely stating the problems we informally outlined above.

De nition 3.1 (AMO Satis ability) Let M = hfl;g; frijgi be a model for an AMO O =
hfLig; fRijgi, where I; = h ;;(2)il is the local interpretation of i ( ; is the local domain of
I, (1)i is the interpretation function of i) and rj; denotes all domain relations between 1; and
Ij, including \image (¥)". We say that M satis es O, denoted as M O, i I; ¢ L;j, for

all'i,and M ¢ Rjj, for all i and j, where . stands for classic satis ability. A concept C is
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Figure 3.12 Agent Consensus
satis able in O witnessed by L; if there is a model M of O such that clie;.

De nition 3.2 (AMO Entailment) An AMO O entails C v D witnessed by L;, i for any
model M = hfl;g; frjjgi of O, 1; (C v D.

Although the above de nition only addresses intra-module subsumption, it can be easily
extended to inter-module subsumption with a simple syntactical rewriting. If C is an i-concept,
we can always create a j-concept C! interpreted as C'"J, and then i : C v j : D can be
transformed as j : C' v j : D.

We now precisely de ne the semantic requirements for modular ontologies given in section

3.2 with the following de nitions:

De nition 3.3 (Localized and Globalized Semantics) An AMO O = hfL;g; fR;jjgi has
only globalized semantics, i for any model M = hfl;g; frijgi of O, M O, I; =h i ()ii,

local domains ¥ ;g of fLjg must be identical. Otherwise, it has localized semantics.

De nition 3.4 (Decidability) An AMO O = hfL;g; fRj;qgi is decidable if for every concept
satis ability problem (therefore also entailment problem) C, there exists an algorithm that is
capable of deciding in a nite number of steps whether there exists a model M = hfl;g; frijgi,

M O, such that C is satis able in 1.
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Directional Semantic Relations can be understood in the example: if j believei:a ¥ j:
X;i:b ¥ j:yandxisy’s best friend, it is not required i believes a is b’s best friend. Formally,

we have:

De nition 3.5 (Directionality) Domain relations in an AMO are directional, i for any
model M = hfl;g; frijgi of O, for any i & j, the fact that C'*J  D'*J is true in every I does

not imply that C'i D' must be true in every I;.

Transitive reusability means that an agent can infer local constraints based on observing
constraints in other agents’ beliefs. For example, if i believes \a is b’s best friend”, and ]
believes domain relationi:a ¥ j:x;i:b ¥ j:y, then J may reuse i’s knowledge and infer
that \x is y’s best friend". Furthermore, if another agent k who is con dent in j’s judgement,

and believes j : x ¥ k:p;j:y ¥ k:q, then k also believes \p is q’s best friend".

De nition 3.6 (Monotonicity and Transitive Reusability) For an AMO O = hfL;g; fRijgi,
L; is said to be reusable by L; (j & i) if for any concepts C;D in L;, such that L; C v D,
we have that for any M = hfl;g; frijgi of O, C'*J  D'*J must be true in 1;. M is said to be
monotone if for every i & j, L; is reusable by L. L; is said to be transitively reusable if for
any j;k (i & j & k), if L; is reusable by Lj, and L; is reusable by Ly, then we must have L; is

reusable by L.

o
~ 0
@)
il
rj c!
Dli Di!j

Figure 3.13 Reusability

The de nition of reusability is illustrated in Fig. 3.13. Note that to ensure transitive
reusability it is critical for an agent to have con dence in other agent’s judgement and the
sound communication (image domain relation) between agents. This requirement may enforce
strong restrictions on possible image domain relations. We we will show in the next chapter

that it is not always satis able in some modular ontology languages.
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Exact reasoning means that the partial descriptions of all agents is consistent with the
physical world in the sense that their combination is equivalent to the complete description
of an agent with access to the combined knowledge base. Hence, compatible beliefs of agents
may be combined such that the \merged belief will be the consensus of individual agents.
For example, if i believes x is the identi er of a person Alice, j believes a is the identi er
of Alice and i : x ¥ j : a, then the merged state of the two agents will \believe™ i : x
and j : a are both identi ers of Alice. Thus, semantic relation rules, in their AMO form
i (X anxn) X (voinyn) (n=1or 2), where Xj;yj are connected by ri} , will be reduced

to a normal FOL formula (X1;::5%Xn) ¥ (X155 Xn).

De nition 3.7 (Exact Reasoning) Reasoning in an AMO O = hfL;g; fR;jgi is exact, i
for any model M = hfl;g; frijgi of O, M , MU . for all concept formula , where

MU=h T:()'i is a classical model obtained from M as the follows:

The assignment function (:)! is de ned as: for every (concept, role or nominal) name

T, T =T1;
for every image domain relation, if hi: x;j:yi 2 riJ!, add i:x=j:vy.

for every other domain relation R, if hi : x;j :yi 2 r{}, add hx;yi to R'.

3.4 Discussion and Related Work

There is a large body of literature on modularity in Al and knowledge representation (KR)
in general, such as in intelligent agents (Bryson and Stein, 2001; Mukerjee and Mali, 2002),
theorem proving (Plaisted and Yahya, 2003; Amir and Mcllraith, 2000), logic programming
(Bugliesi et al., 1994; Antoniou and Sperschneider, 1992; Antoniou, 1992), modal Logic (Herzig
and Varzinczak, 2004), and relevant logic (Meghini and Straccia, 1996; Garson, 1989). We only
focus here on the discussion of the general framework of the semantics of modular ontologies,
instead of the detailed speci cation of module ontology languages (which will be discussed in

Chapter 4).
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3.4.1 Local Model Semantics and Distributed First Order Logic

The AMO framework presented here is strongly in uenced by the Local Model Seman-
tics (LMS) (Ghidini and Giunchiglia, 2001) framework and Distributed First Order Logic
(DFOL) (Ghidini and Sera ni, 1998) . The LMS framework is based on two principles:

The principle of locality: an agent performs its local reasoning procedure only using

locally available knowledge.

The principle of compatibility: there is compatibility among the kinds of reasoning

preformed in di erent agents.

models of L;, we call each m 2 M; a local model of L. A compatibility sequence ¢ = hcp;:::; Cni
is a subset of M1 i Mp. Hence, a compatibility sequence eliminates arbitrary co-existence
of local models that are not compatible to each other.

In DFOL, compatibility sequences are syntactically represented as interschema constraints
(or bridge rules) in the form of i : I j: 5 AMO semantic relation rules can be seen
as restricted cases of DFOL interschema constraints. The di erence between AMO semantic

relation rules and general DFOL interschema constraints are as follows:

Instead of assuming a single domain relation in DFOL interschema constraints, AMO

semantic relation rules allow two ontologies to be connected by multiple domain relations.

AMO semantic relation rules only allow unary or binary formulae on both sides of the
rules, due to the fact that DL concepts and roles can be mapped to unary and binary
predicates in FOL. Such a restriction is not required in general DFOL interschema con-

straints.

AMO semantic relation rules are further obligated to satisfy semantic requirements of
modular ontologies, such as decidability and knowledge reuse monotonicity, which are not

required for general DFOL interschema constraints.

5There is also an extended version of interschema constraints of the form i1 : 1;:%in: n ¥ j: to
represent constraints among multiple languages (Sera ni et al., 2005b).
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