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Abstract

In this paper, we investigate state-of-the-art tech-
nologies in the area of modular ontologies and cor-
responding logical formalisms. We compare the
strengths and weaknesses of different formalisms
for modular ontologies in their ability to support
networked, dynamic and distributed ontologies, as
well as the reasoning capability over these ontolo- 3.
gies. The comparison result shows limitations of
existing formalisms to fully address the need of
modular ontologies in the given setting, and possi-

ble future extensions to overcome those limitations. 4.

1 Introduction

countries and other geopolitical aspects in a secure net-
worked environment with clear boundary for informa-
tion hiding and encapsulation.

. Dynamics. In FAO, the ontologies are large, intercon-

nected and changing over time. Therefore, an approach
that can handle ontology data in a dynamic way with
change monitoring and propagation is required.

Distribution. Because FAO has many branches around
the world, the ontologies in FAO are distributed rather

than centralized, which arises challenges in loose cou-
pling and autonomous management.

ReasoningFAO ontology data needs reasoning support
with high efficiency and scalability to handle the ontolo-
gies, which usually consist of both terminologies and as-
sertional data in FAO fishery case study.

Knowledge management with distributed knowledgewe argue that this scenario is common to typical semantic ap-
repositories is usually a challenging task in which eachyjications, especially for ontology management in bigrinte
knowledge repository may pertain only a subset of the donational organizations. However, current technologi¢srof
main in question and the inconsistencies between thosgave difficulties in handling ontological data in the afoeem
dynamically-changing local repositories are hard to dedec  tioned scenario. Typical problems against the requiresent
to control. A typical application scenario is that large in- mentioned above are:

ternational organizations, which may have branches around
the globe and maintain multiple, distributed, large knalgie 1.
bases for each of their branch. Those knowledge bases, often
represented as ontologies, are typically maintained balloc
branches of the organization in a collaborative way. While
those ontologies are usually focused on the local knowledge
of particular local branches and are physically distridute
around the world, they are also very likely to be linked to- 2.
gether to offer the necessary global usage of those knowledg

As a motivating example, we consider one of the case stud-
ies of the NeOn projet{Dzboret al,, 2005 — a fishery case
study in the Food and Agriculture Organization (FAO) of the
United Nations (UN). This case study aims to improve the 3
interoperability of FAO information systems in the fishery
domain, integrating and using networked ontologies and re-
lated methods and technologies, by creating and maintainin
distributed ontologies (and ontology mappings) in the fighe
domain. FAO has large sets of fishery ontology data with the 4.
following features and requirements:

1. Networking. The ontology data sets in FAO are inten-
sively interconnected by different subjects, languages,

*htt p: / / www. neon- proj ect.org

Traditional ontology formalisms, e.g. Frame System or
Description Logics, are designed for centralized ontolo-
gies rather than decentralized ones. Furthermore, most
ontology management systems do not support process-
ing large instance data represented in the form of ontolo-
gies in the decentralized scenario.

In a scenario with interconnected ontology modules, ide-
ally, when one ontology module is updated, the depend-
ing ontology modules should be updated as well to re-
flect the changes. However, few current technologies
can support such dynamic automatic updating.

What is still missing is grincipled approach to sup-
port distributed ontologies, where the individual ontol-
ogy modules are physically distributed, loosely coupled
and autonomously managed.

Some reasoners are able to support either local TBox
reasoning (e.g. FaCT+H#sarkov and Horrocks, 2004

or distributed TBox reasoning (e.g. Draferafini and
Tamilin, 2009 and Pellet[Sirin and Parsia, 2004a
while others are good at ABox reasoning (e.g. KAON2
[Motik and Sattler, 200p. However, handling both
TBox and ABox in a distributed, efficient and scalable



way for modular ontologies is a challenging task for rea-

soners and still not satisfactory. Table 1: Semantics #HOZQ — KB

Interpretation of Concepts
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in formalisms for modular ontologies and distributed reaso (ccD}=ctCcD’(RCS)F =R CS*
ing techniques. (Trans(R))* L N N

In the following sections, we firstly introduce some pre- ={vz,y,2 € AT|R (z,y) N R (y,2) — RI(‘T’Z)}.
liminaries of description logics in Section 2, we analyze re ~ NZis the number restriction of a sétand 2" (z, C) is
quirements of networked ontologies and comparison caiteri ~_defined agy[(z,y) € R"andy € C”}.

for different formalisms in Section 3. We compare several
formalisms for the need of networked ontologies in Section 43 Criteria for Survey
and discuss necessary future extensions for such formelism

in Section 6. We summarize the paper and outline future work In this section, we discuss requirements for modular on-
in Section 7. tologies languages. These will serve as criteria for thesav

tigation of the different formalisms for modular ontologie
along the four dimensions introduced in Section 1.

2 Preliminaries of Description Logics Networking

e Encapsulationln the networked ontology setting, each
ontology module may represent knowledge in a subset
of the domain in question. Those modules are usually
autonomously created and maintained, while may also
be inter-connected to form a larger knowledge base. In
other words, such ontology modules cancapsulate

The formalisms for modular ontologies studied in this pa-
per all mainly aim to handle ontology modules based on De-
scription Logics (DLs) as the underlying logical formalism
Therefore, we here introduce basic preliminaries of DLs to
allow a better understanding of the formalisms introduced i

Section 4. ;

. - . . knowledge subdomains.

Syntax. GivenR as a finite set of transitive and inclu- - _ ) )

sion axioms with normal role namegz, a SHOZQ-role is e Reusability (Inheritance)Ontologies are very likely to
either someR € Ny or aninverse roleR~ for R € Ng. be reused. Thus, formalisms for modular ontologies
Trans(R) andR T S represent the transitive and inclusion should also support managing different modules and
axioms, respectively, wher® and S are roles. A simple identifying module dependencies. In particular, ontol-
role is aSHOZQ-role that neither its sub-roles nor itself ogy modules should be also transitively reusable, that is,
is transitive. LetN¢- be a set otoncept namesthe set of if a moduleA uses modulé3, and module uses mod-
SHOZQ-concepts is the minimal set such that every con-  uleC, then apparently, modulé should use modul€'’.
ceptC € N is aSHOZQ-concept and fol’" and D are e Trust and SecurityMany applications call for control-
SHOZQ-concepts,k is a role, S a simple role and: a lable access of knowledge due to copyright, privacy or
positive integer, then{C), {o1,02,...}, (C N D), (C'U D), safety concerns. Formalisms for modular ontologies
(3R.C), (VR.C), (< nSC) and & nSC) are alsaSHOZ Q- should also support trust and security features to ensure
concepts. Therefore we have a knowledge i3aSes a triple safe creation and usage of ontology modules. For exam-
(R, T,.A) where (i) a TBox7 is a finite set of axioms repre- ple, to enable multi-user access to ontologies, the lan-
senting the concept inclusions with the fothC. D; (i) an guage supported by the formalism should secure the ses-
ABox A'is afinite set of axioms with the forfi(z), R(z,y) sions by explicitly defining the rights for accessing and
that consists equality-relationsis (un)equaly. A is simple editing for each module.

if C(a) € Aimplies thatC' is aconcept literalthat is either a
concept name or the negation thereof.

Semantics. The semantics oKB is given by the inter- . )

. AT T . z o Networked Ontology DynamicsThe dynamic role of
pretationZ = (A®,” ) that consists of a non-empty séx networked ontologies reflects the importance of moni-
(the domain ofmathcall) and the functio¥ in the Table toring and propagating the ontology changing events, es-
1 [Horrockset al, 2003. The satisfiability checking ok 3 pecially when some ontology modules are changed and
in expressive DLs is performed by reducing the subsumption,  updated. Such a requirement is closely related to on-
and the reasoning over TBox and role hierarchy can be re-  tology versioning and evolution; on the other hand, it is
duced to reasoning over only role hierarditjorrocks and more focused on the identifying and updating of module
Patel-Schneider, 1999The interpretatior is the model of changes rather than managing ontology versions.

R andT if foreachR C S € R, RT C ST and for each
CCDeT,ctcD?. Distribution

Dynamics



e Loose Coupling. e Role Subsumptionit is used to allow the subsumption
In [Stuckenschmidt and Klein, 2003Stuckenschmidt relationship between the local and the foreign role.

and colleagues argue that although the existence of over- ¢ Role Transitivity.A foreign transitive role may be used
laps between the modules is uncertain, the ontologies  jn a module, e.g., the moduld reuses the property

still should be compatible while being composed. In hasSuccessor which is defined in the modulB.
other words, formalism for modular ontologies should ) ) . . .
be able to handle modules that are not disjoint with each ® Role Inversionlt is required to specify inverse relations

other. For example, assume concépis the only pos- between local and foreign roles.
sible common concept in modul@$, and M, if A ex- e Individual Correspondencat is requires to specify that
ists, theM; and thel, are loose coupled, and is some individuals are be related to individuals in other

the shared concept. Obviously a usable system should modules.

be not affected by the existence 4fwhile handling of - o _ )
the two modules because it is normal that two ontology Giving the above set of criteria on language functionality
modules are not fully disjoint with each other. and expressivity, we will analyze candidate formalismsan d

e Self-ContainmentAn ontology module is likely to be tails in the next section.

related to other modules, therefore a formalism for mod- . .

ular ontologies should support localized semantics thaft Candidates of Formalismsfor Modular

includes the global information about module depen-  Ontologies

dencies. In other words, the module should be self- . . . . .
contained while can also be semantically interconnected ' this section we introduce four major formalisms for
to other modules. A core advantage of self-containmenfnodular ontologies that has been established in recens year

is that reasoning tasks involving only local knowledge'n details.

of a module do not need the access to other module N .
[Stuckenschmidt and Klein, 203 3.1 Modularization with OWL Import
The OWL ontology language provides limited support to
Reasoning modularize ontologies: an ontology document — identified

via its ontology URI — can be imported by another document

using theowl:imports statement. The semantics of this im-

port statement is that all definitions of the imported ongglo

module) are logical part of the importing ontology (module

. . s if they were defined in the importing ontology directly.
reasoning procedure that are efficient and scalable t§ 5 they are forced to share a classical DL semantics, i.e.
large terminologies and knowledge instance set. a global model-theoretical semantics. It should be notatl th

e Reasoning Support for Terminological and Assertionalsuch a importing is directed: only the importing ontology is
Knowledge. An important criterion for judging a for- affected by the import statement; it is also transitive rifai-
malisms for modular ontologies is whether it supportsogy A imports ontologyB, and ontologyB imports ontology
both T-Box and ABox reasoning and querying. Sup-C, then ontologyA also imports ontology’. Cyclic imports
port for modular ABoxes is particularly important since are also allowed (e.g4 owl:imports B, B owl:imports A).
our motivation applications involve knowledge that rep- Elements of the importing and imported ontology module
resented in large and distributed instance sets. can be related to each other using legal primitives availabl

Language expressivity of the formalisms for modular on-in OWL. Typically these relation definitions are part of the

A ; o importing ontology module.
tologies include the following set of criteria. The OWL imports functionality provides no partial import-

e Module Correspondence.As stated in the function- ing of modules, thus it is up to the user to decide the proper
ality criteria, the correspondences between differentevel of granularity of ontology modules.
modules are essential. For example, if a ontology
module that describes a university department is in4.2 Distributed Description Logics
herited from a university ontology, we can simply
state like: DepartmentModule isInheritedFrom

e Complexity and ScalabilityProcessing modular ontolo-
gies is typically more challenging than reasoning with
single ontologies. Thus, a desirable formalism for mod-
ular ontologies should provide language features an

Distribu";ed Description Logics (DDL)Borgida and Ser-
. . . afini, 2003 adopt a linking mechanism. The semantic link-
gngﬁéﬁg\%ﬁgﬁﬁe'tthré%”t'ﬁear'ﬁgdﬂf’ecsessary to dis- ings between moduled; and M, are represented by cross-
' moduleBridge RulesINTO” and “ONTO” axioms in one of
e Class SubsumptiorHaving subsumptions relations be- the following forms:
tween classes in different modules is one of the most c
needed features in modular ontologies. For example, e INTO:i: ¢ = j : 1, with semanticsr;; (¢?¢) C ols
Master Student in the university module is a subclass .
of Student in social role module. e ONTO:i: ¢ = j : i,with semanticsr;;(¢'1) D ¢li

e Class InterconnectionA class in a module may have wherel; andI; are local interpretations af/; and A/;, re-
role that relates to a foreign module. For example,spectively,¢, ¢ are formulaer;; (calleddomain relation is
PhDStudent in the university module may live in a a relation that represents as an interpretatioBgf We will
City included in the geographic module. only discuss bridge rules among concepts since it is the only



case that have reported reasoning support. In DDLdise  object definitions. A conjunctive queKy over an ontology
tributed knowledge base (D-KBD = ({KB;}icr,B) con-  moduleM = (C,R,0O) is defined as an expression of the
sists a set of knowledge bas¢ks;},c; and bridge rules formg; A ... A ¢, Whereg; is a query term of the forr@'(x),

B = {Bj;}ixj)es that represent the correspondences be#i(z,y) orz = y, C and iz concept and role names, respec-
tween them. This is the distributed interpretation in DDL. tively, andz andy are either variable or object names.

DDL bridge rules between concepts covers one of the most In a modular terminology it is possible to use conjunctive
important scenarios in modular ontologies. They are irgend queries to define concepts in one module in terms of a query
to simulate concept inclusion with a special type of roles.over another module. For this purpose, the set of concept def
However, a bridge rule cannot be read as concept subsumitions C is divided into two disjoint sets of internally and
tion, such ag : A C j : B. Instead, it must be read as a externally defined concepts; and C, respectively, with
classic DL axiom in the following wajBorgida and Serafini, ¢ = C; U Cg,C; N Cr = 0. Aninternal conceptefinition
2007: is specified using regular description logics based coreept

. c . _ . ressions with the form of' C D or C = D, whereC and
oi:A=j:B=(i: A)EVR;.(j: B) pD are atomic and complex concepts, respectively.efter-

- . . nal conceptefinition is an axiom of the formd' = M : @,

e i:A=j:B=(j:B)C3R;.(i: A) whereM ispa module and) is a conjunctive query ovev!. It
where R;; is a new role representing correspondenBgs  is assumed that such queries can be later reduced to complex
betweenL; and L. concept descriptions using the query-rollup techniquesfr

Such relations have semantic differences with respect tbHorrocks and Tessaris, 200 order to be able to rely on
concept inclusion (interpreted in classic DLs as subset rel standard reasoning techniques. A modular ontology is then
tions between concept interpretations, e4f: C B%/) in simply defined as a set of modules that are connected by ex-
several ways. For example, empty domain relatigris al- ternal concept definitions. The semantics of these modules
lowed in the original DDL proposdBorgida and Serafini, is defined using the notion of a distributed interpretatien a
2004, while GCls between satisfiable concepts enforce reintroduced in Section 4.2.
strictions on non-empty interpretations. Arbitrary domig- Although the definition of a module, in its abstract form
lations may not preserve concept unsatisfiability among dif shown above, may allow arbitrary concept, relation and ob-
ferent modules which may result in some reasoning difficulject definitions, only concept definitions is studied 8tuck-
ties[Baoet al, 2006d. Further more, while subset relations enschmidt and Klein, 2003 This is due to the focus of the
(between concept interpretations) is transitive, DDL diosma approach to improve terminological reasoning with modular
relations are not transitive, therefore bridge rules cateo ontologies by pre-compiling implied subsumption relagion
transitively reusedby multiple modules. Those problems In that sense it can be seen as a restricted form of DDLs
are recently recognized in several pagd@aoet al, 2006b; that enables improved efficiency for special TBox reasoning
2006¢; Stuckenschmidit al, 2005; Serafiniet al, 2009  tasks.
and it is proposed that arbitrary domain relations should
be avoided. For example, domain relations should be one4.4 £-Connection
to-one[Serafiniet al, 2005; Baoet al, 2006¢ and non- _ _ _
empty[Stuckenschmidét al., 2004. While DDL allows only one type of dongaln relat_|0n”s, the

The requirements of practical applications raised in the-connection approach allows multiple “connection” rela-
previous section are not fully satisfied by the expressivityions between two modules, suchiase/n andbornln be-
of DDL. For example, inter-module role correspondencestWeen? : Fishkind andl : Region. £-connections between
which are important to present the relations between cdacepPLs [Kutz et al, 2003; Gratet al, 20044 restrict the local
in different modules, are not supported in DDL: assume arffomains of the-connected ontology modules to be disjoint.
conceptPhDStudent is included in one ontology module Roles are divided into disjoint sets lofical roles(connecting
and another conceffthesis is include in another ontology CONCepts in one module) atidks (connecting inter-module
module, we cannot definBh D Student C Jwrites. Thesis concepts).

in DDL, wherewrites is ainter-modulerole. Formally, given ontology module§L;}, an (one-way bi-
nary) link £ € &;;, where&;;,i # j is the set of all links
4.3 Integrity and Change of Modular from the module to the modulegj, can be used to construct a
Terminologiesin DDL concept in modulé, with the syntax and semantics specified
as follows:

Influenced by DDL semantickStuckenschmidt and Klein,
2003 adopt a view-based information integration approachto 3E.(j - C): {z € A3y € Aj,(z,y) € EMy ¢
express relationships between ontology modules. In partic oMy '
lar, in this approach ontology modules are connected by cor-
respondences between conjunctive queries. This way of con-e VE.(j : C) : {z € Ay|Vy € A}, (z,y) € EM — y €
necting modules is more expressive than simple one-to-one cM
mappings between concept names but less expressive than the
logical language used to describe concepts. o <nE.(j:C):{zxe Ai|#{y € Aj|(z,y) e EM y €

[Stuckenschmidt and Klein, 20D3lefines an ontology CcMYy < n}
module — abstracted from a particular ontology language —
as atripleM = (C,R, ), whereC is a set of conceptdef- ~ ® >nE.(j: C): {z € A#({y € Ajl(z,y) € EM,y €
initions, R is a set of relation definitions an@ is a set of CM}) > n}



where M = ({m;},{EM}pee,,) is a model of theé-
connected ontologyy; is the local model of;; C is a con-
ceptinL;, with interpretatiorC™ = C™i; EM C A; x A;
is the interpretation of &-connection®.

However, the applicability of-connections in our setting

ifiers (SLM)”. A SLM controls the visibility of the corre-
sponding term or axiom to entities on the web, in particular,
to other packages. The scope limitation modifier of a term
or an axiomi i in packagey is a boolean functiotf (p, tx ),
wherep is a URI of an entity, the entity identified hycan ac-

is also limited by the need to ensure that the term set as whileesstk iff f(p,t) = true. For example, some representative

as local domains of each ontology module are strictly digjoi

e The requirement for terminology disjointness and local
domain disjointness i&-connections are too strict for

many applications. For exampl&;connections can not

be used in the case that a user want to refine knowledge

in an existing module with a new module (eig. Fish
is less general thap : Animal, wherej : Animal is
a concept in an existing module and Fish is a new
concept extended from: Animal).

e To enforce local domain disjointness, a concept cann
be declared as subclass of another concept in a foreig
module thereby ruling out the possibility of asserting
inter-module subsumption and the general support f
transitive usability; a property cannot be declared as su
relation of a foreign property; neither foreign classes

0

SLMs can be defined as follows:

o Vp, public(p,t) := true, meanst is accessible every-
where.

o Vp, private(p,t) := (t € p), meang is visible only to
its home package.

P-DL semantics ensure that distributed reasoning with a
modular ontology will yield the same conclusion as that ob-
tained by a classical reasoning process applied to an axtegr

ion of the respective ontology modulfBao et al., 20064.
E'owever, reported result ilBaoet al,, 20064 only supports
reasoning in P-DL as extensions of tH&C DL. Reasoning
Ialgorithms for more expressive P-DL TBox, as well as for

pABOX reasoning, still need to be investigated.

nor foreign properties can be instantiated; cross-modul® Comparison

concept conjunction or disjunction are also illegal.

In this section compare the existing formalisms for modu-

e £-connected ontologies have difficulties to be used withlar ontologies, then we explain the results based on the com-
OWL importing mechanism, since importing may actu- parison criteria given in Section 3.

ally “decouple” the combination and result in inconsis-

tency[Grau, 2005

In Table 2, we summarize the comparison of different for-
malisms against the requirements introduced in Section 3,

e £-connected ontologies do not allow a same term pdhen we compare the expressivity of the popular formalisms

used as both a link name and a local role name, no
role inclusions between links and roles, while such

features are widely required in practit@rau, 2005
The“punning” approaciGrau, 2005, where a same

Table 3. In this section, the integrity and change aspeets
ated to modular ontologies investigated[Btuckenschmidt
and Klein, 2003 will be denoted as “DDL-IC”, since it fol-
lows the semantics of DDL.

name can have different interpretations, is rather as a e now explain the survey result regarding each require-
syntactical sugar than a semantic solution to such propMentin detail.

lems.

45 P-DL
P-DL, Package-based Description LogitBao et al,

20064, uses importing relations to connect local models. In
contrast to OWL, which forces the model of an imported on-

e Encapsulation. All formalisms listed above support
knowledge encapsulation at different level. OWL DL
provides a basiowl:import primitive to import foreign
ontologies without encapsulated modules, hence OWL
DL partially supports this functionality; DDL, DDL-IC,
&-connection and P-DL allow a large knowledge base to

tology be completely embedded in a global model, the P-DL be represented by a set of ontology modules each captur-

importing relation ispartial in that only commonly shared

terms are interpreted in the overlapping part of local madel

The semantics of P-DL is given as the follows: tineage
domain relationbetween local interpretatioris andZ; (of
packagel; andP;) isr;; € A; x A;. P-DL importing rela-
tion is:
e one-to-one: forany € A;, thereis at mostonge A;,
such tha(z, y) € r;;, and vice versa.

e compositionally consistentr;; = r;; o r;;, whereo

denotes function composition. Therefore, semantic rela-

tions between terms ihand terms ink can be inferred
even ifk doesn’t directly import terms from

Thus, a P-DL model is a virtual model constructed from

partially overlapping local models by merging “shared”iind
viduals.

ing a subset of the domain of interest, thus provide the
support for knowledge encapsulation.

e Reusabilty OWL DL ontologies has only limited
reusability. In particular, it is difficult to partially rese
ontologies designed by others. DDL, DDL-IC and P-
DL establish good reusability via well-defined encapsu-
lation. The reusability o€-connection is marked with
a “*" symbol because the experiment [Seidenberg
and Rector, 2006shows for some knowledge bases,
£-connection is not able to generate reusable ontology
modules. The lack of support for inter-module con-
cept inclusion presents strong restriction in reusiing
Connection modules. On the other hand, a unified im-
port/export interface is not formally defined like code
modularization in software engineering, although P-
DL provides packages to partially enable unified im-

P-DL also supports selective knowledge sharing by associ-  port/export without the definition of interface (i.e. the

ating ontology terms and axioms with “scope limitation mod-

“+” symbol in the Table 2 means this additional feature).



OWL DL DDL DDL-IC P-DL  £-Connection

Encapsulation Partial Yes Yes Yes Yes
Reusability Fair Good Good  Good Good
Trust and Security No No No Partial No
Ontology Dynamics Yes No Yes No No

L oose Coupling No Yes Yes Yes Yes
Self-Containment Partial Yes Yes Partial Yes
Scalability Low Fair Fair Fair Low
Reasoning Support TandA T and Partial A T T T

Table 2: Comparison on language functionality. “T” means tarmalism supports terminological (TBox) reasoning &d
stands for the assertional (ABox) reasoning support. \er refader to the corresponding detailed analysis of thig tialp
explanations of the “+” and “*” symbols.

OWLDL DDL DDL-IC P-DL £&-Connection

M odule Correspondence. No No Partial  Partial No
Class Subsumption. Yes Yes Yes Yes No
Class I nterconnection. Yes Yes Yes Yes Yes
Role Subsumption. Yes Yes Yes Yes No
Role Transitivity. Yes No Yes Yes Partial
Role Inversion. Yes No Yes Yes No
Individual Correspondence. Yes Yes Yes No No

Table 3: Comparison on expressivity

e Trust and SecurityBao et.al. proved that it is possible
to integrate authorization information to the OWL con-

cepts to guarantee the secure access and edit of ontology

modulegBaoet al, 20064. To the best of our knowl-
edge, there is no other reported formalisms support this
functionality.

e Ontology Dynamics DDL-IC developed a mechanism
to monitor the changes of modular ontologli€sucken-
schmidt and Klein, 20g3which is still missing in other
existing formalisms.

e Loose Coupling.In principle, the formalisms for mod-
ular ontologies normally provide the support of dealing
with loosely coupled ontologies, while Stuckenschmidt
and colleagues explicitly argued its importance and de-
ployment in DDL-IC[Stuckenschmidt and Klein, 20D3
(with plus symbolin the Table 2). Loosely coupled mod-
ules are not able to b&-Connected if their domains
are not disjoint, thereforé-Connection is again marked
with symbol “*” in the Table 2.

e Self-containmentDue to the lack of localized seman-
tics, OWL DL does not well support knowledge self-
containment. In particular, reasoning in an OWL ontol-
ogy requires the integration of all directly or indirectly
imported ontologies of the given ontology. DDL-IC
[Stuckenschmidt and Klein, 20D#troduces the self-
containment functionality based on traditional DDL,
while £-connections requires strict separation of knowl-
edge terminologies of ontology modules as well as their
local interpretation domaingGrau, 2005 P-DL can
maintain the autonomy of individual modules; how-
ever, since P-DL adopts a partial semantic importing ap-
proach, reasoning in a P-DL ontology may also depend
on its imported ontologies.

e Scalability The worst time complexity of the four for-
malisms studied in this paper are all exponefital-
rocks and Sattler, 2005; Baa al., 2006a; Grau, 2005;
Serafini and Tamilin, 2045thereby we mainly discuss
the scalability of these formalisms in the distributed en-
vironment. DDL, DDL-IC and P-DL support reason-
ing in a distributed setting in which still ontology mod-
ule can be kept strictly separate, thus the integration of
componentontology modules is avoided to obtain higher
scalability in handling large ontologies. On the other
hand, theg-connection reasoner Pellg§irin and Par-
sia, 2004badopts “coloring” but not physical separation
approach in reasoning with multiple ontology modules,
hence requires implicit ontology integration to a single
location, which may deteriorate its scalability.

e Reasoning SuppartReasoning support for OWL DL
has been successfully implemented in several highly
optimized reasoners, such as FaCfHsarkov and
Horrocks, 200} PellefSirin and Parsia, 2004aand
KAONZ2; in particular KAON2 is optimized for rea-
soning with large ABoxes. DDL recently supported
large ABox reasoning in a limited forriSerafini and
Tamilin, 2004. Other formalisms have reported support
for TBoxes[Baoet al, 2006a; Grawet al., 20044 only.

Expressivity comparison of those formalisms is explained

as the following:

e DDL-IC defines modules may be related to other mod-
ules by discovering hidden information before the inte-
gration, while other languages do not define correspon-
dences between modules.

e All formalisms support class interconnections across
modules. OWL DL allows arbitrarily complex relations
between concepts in different ontologies (i.e. concept



connections have the same expressivity as that of the lcesussed in Section 3. Practical reasoning support for expres
cal ontology language in each module). On the othesive formalisms for modular ontologies are also to be irvest
hand, other formalism restrict the expressivity of con-gated.

cept connections to obtain both localized semantics and

decidability. DDL, DDL-IC support concept subsump- 7 Conclusions and Future Work

tions. £-connection does not allow cross-module sub- _ ) ) )

sumption relationships, but allows two concepts being In this paper we studied different formalisms for modu-
connected by links. P-DL supports both inter-modulelar ontologies. We proposed a set of criteria to compare for-
concept subsumptions and inter-module concept conmalisms for modular ontologies based on the requirements of
nections by roles. networked ontology applications. We compared several for-
malisms for modular ontologies against these requirements
The comparison result suggests that no existing approach

. . ; ; could satisfactorily meet the requirement of our networked
ing shared by links and roles, thus, role relationships bebntology applications. Several possible extension oftis
tween the modules may lead to a same name can hay§ 1 alisms were discussed.
different interpretations (such roles is called geneealiz "y in progress includes the development of a networked
links[Parsia agq Grau, 2005 5-conngctt)|ons). Role 5 htology based formalism that meets the requirementsctaise
}?nggvg)r/t:g Pl-rlgll_ez‘?)lfrgaallirse rhsl??;opgtrtael 2360%%'&022"' in the Section 3, as well as efficient and scalable reasoning
- REP . ; " upport for such a formalism that is able to handle large dis-
not allow role name importing hence does not supportyyyited ontology terminologies and instance data sets.
inter-module role subsumption, inversion and the reuse

of transitive roles.

e OWL DL supports simple individual correspondence'A\Ckr]ow'edgmentS
by predicateowl:samelndividualAs Among other for- Research reported in this paper is partially support by the
malisms, only DDL has investigated individual cor- EU in the IST project NeOn (IST-2006-027596% t p: / / www.
respondence between ontology modulerafini and nheon- pr oj ect . or g/ . We appreciate the fruitful discussion and
Tamilin, 2008. &£-connections does not allow cross- comments from our colleagues).
module individual correspondence since local domains
of ontology modules are strictly disjoint. Such a fea- References
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