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Abstract— Collaborative ontology building requires both B. Motivating Examples: Pop Music Ontology

knowledge integration and knowledge reconciliation. Wiki@nt : :
is an ontology building environment that supports collaborative Suppose we want to build an ontology about pop music

ontology development. Wiki@nt is based orOSHOQP(D), an Called PopOnt. John is a teenager who knows a great deal
extension toSHOQ(D) with © (partial order on axioms) and P about pop music. He'd like to share his knowledge with other
(localized axioms in package ) constructors. Wiki@nt supports in- pop music enthusiasts. Like John, there are thousands of pop
tegration and reconciliation of multiple independently developed, music fans who have knowledge relevant for characterizing

semantically heterogeneous, and very likely inconsistent ontology : . :
modules. A web browser based editor interface is provided, with the domain of pop music. Suppose some of the pop music of

features to support team work, version control, page locking, and them may willing to spend a few minutes each day to write

navigation. down a few simple assertions likdf: Jackson isn't a
country music artist " and review, discuss, and pro-
Version: July 30, 2004 pose changes to assertions made by others in their community.
There are also some information channels, such as mailing
|. INTRODUCTION lists, newsgroups, weblogs, p2p applications and websites

about pop music that can continually provide information
A. Ontology Editing is a Knowledge Integration Process about pop music. Some simple assertions could be vali-
dated across that information. For example, if “M. Jackson”

Semantic Web [BLHLO1] aims to support seamless ar}ﬁjardly cooccurs with “country music”, it's more likelyM.
flexible access, use of semantically heterogeneous, networkedyson isn't a country music artist "is true.

data, knowledge, and services. The success of the semapg o4 then is to develop a tool that can be used by virtually
web enterprise relies on the availability of a large coIIectlognyone to participate in the construction of PopOnt.
of domain or application specific ontologies and mappings

between ontologies ontologies to allow integration of dafa. Proposed Approach
[CSCt03]. However, by its very nature, ontology construction While there has been a great deal of work on ontology
is a collaborative process which involves direct cooperatidainguages, inference mechanisms, as well as ontology edit-
among individuals or groups of domain experts, knowledge eifg environments, relatively little attention has been paid
gineers or/and software agents, or indirect cooperation throughthe development of principled approaches and tools for
reuse or adaptation of previously published, autonomousigllaborative ontology building. Existing ontology editing and
developed ontologies. discovery tools are mostly focused on stand-alone ontology
In such settings, typically, different participants have onlgievelopment rather than collaborative construction of ontolo-
partial knowledge of the domain, and hence can contribugées. In this paper, we propose @nthill, a general architecture
only partial ontologies of the domain. A common task involvesf an ontology editing, ontology refinement, and ontology
refinement of a predefined ontology. Another common taghtegration environment. @nthill exploit®9SHOQP (D), a
involves integration of several such partial ontologies to obtamodular ontology representation language with preference
a coherent ontology that covers a much larger portion phrtial order on axiomswiki@nt, a light-weight, browser-
the domain. Semantic mismatches and logical inconsistendiesed ontology editor which requires minimal user effort and
between independently developed ontologies are unavoidalaldows concurrent editing and integration of ontologies.
Thus, there is an urgent need for principled approaches and he rest of the paper is organized as follows: Section Il de-
flexible tools for allowing individuals to collaboratively build, scribes ontology language features needed to support modular
refine, and integrate existing ontologies as needed in specdittology design and ontology reconciliation; Section Ill gives
contexts or for specific applications e.g., data-driven knowthe architecture of Wiki@nt; Section IV gives brief discussion
edge acquisition from semantically heterogeneous, distributefdrelated work; Section V concludes with a summary and
data sources [CS3], [Car04]. some directions for future work.



Il. COLLABORATIVE ONTOLOGY BUILDING AS
KNOWLEDGE INTEGRATION AND RECONCILIATION

TABLE |
PART OF SYNTAX AND SEMANTICS OFSHZOQ(D) EXPRESSIONS

We start with a brief discussion of the theoretical basis of
Wiki@nt including logical foundations of ontology languages.
We then introduce a modular representation of ontologies and
discuss some problems in reasoning with modular ontologies
as they relate to the tasks of ontology integration and recon-

ciliation.

A. Description Logic as a Knowledge Representation Lan-
guage

Ontologies are typically described using ontology languages
nowadays, such as DAML+OIL [Hor02] or OWL [SDO04].
Description logic [BNO3] is used to express the formal se-
mantics of an ontology written in such ontology languages. A
description logic consists of a Thox and an Abox, where the
Thox is a finite set of terminological axioms such@sc D,
and the Abox is a finite set of assertional statements such as
C(a) or R(a,b).

In particular, the description logiSHZQ is the formal

background model for OWL. However, this correspondence

Constructor Syntax Semantics
atomic concept’' A AT C AT
abstract roleR 4 R RT C AT x NT
concrete roleRp T TT C AT x Ap
nominal I {0} {o}Z C AT #0T =1
data typesD d dP C Ap
—d (-d)P = Ap\dP
conjunction CcnbD (cnDZ =cTnDT
disjunction cubD (CuD)r =c?Tubp?
negation -C (=C)P = AT\CT
subclass CCD cT c p?
exists res. 3R.C (3R.C)? = {z|Fy : (z,v)
€ RTand y € CT}
value res. VR.C (3R.C)T = {z|Vy : (z,v)
€ RT = yecC?}
atleast res. >nR.C | (>nR.C)T = {z|#{y|(z,y)
€ RTandy € CT} > n}
atmost res. <nR.C | (£nR.C)T = {z|#{y|(z,y)
€ RTandy € CT} < n}
datatype exists IT.d 3T.d)* = {z|3y : (z,v)
€ T?and y € dP}
datatype value vT.d (VT.d)* = {z|Vy : (x,y)
€T? = ycdP}
inverse role R~ (R)T = (R%)~

is incomplete, since some important features of OWL, such
as concrete data typeand named individualsare not sup-

ported by SHZQ. SHZOQ(D), an extension of the influ- 5no10gy reuse, and knowledge hiding. In our previous work

ential_SﬁO_Q(D) descriptiqn logic, attempts overcome theSEBHO4], we have argued for package based ontology language
two limitations, by allowing data typesDj and named eytensions to overcome these limitations. In the resulting
individuals®) and is a proper DL model for OWL. However’ontology language P-OWL, packageis an ontology module
ontology languages wit (i.e. inverse roles) constructor, such;ip clearly defined access interface. Mapping between pack-
asSHZOQ(D), suffers from complexity and/or intractabilitya_ es is performed byiewswhich define a set of queries on the
problems when they are used to represent and reason "Ylgﬂerred packages. Semantics are localized by hiding semantic
ontologies when combined with combined with or (D).  etails of a package by defining appropriatierfaces (special
Hence, in this paper, we useHOQ(D) as the basis for a jews). packages provide an attractive way to compromise
collaborative ontology development environment. between the need for knowledge sharing and the need for
We assume that we have an abstract domafnand a set of ynowledge hiding in collaborative design and use of ontolo-
data typesD and associate with eache D, a setd” C Ap  gies. The structured organization of ontology entities (classes,
where Ap is the domain of all types. Table | summarizegoperties, instances) in packages bring to ontology design

the constructors that can be used to form complex concepiy reuse, the same benefits as those provided by packages in
expressions IBHZOQ(D). A complete list of SHIOQ(D),  software design and reuse in software engineering.

eg. OWL DL axiom constructors _can_be found in [HPSVHO3]. gome feature of the P-OWL language [BHO4] include:
An example Animal Ontology is given here:

SubClassOf( Dog , Carnivore )

SubClassOf( Dog , Pet )

SubClassOf( Carnivore, Animal)
restriction(eats allValueFrom(Animal))

ObjectProperty( eats) domain( Animal )

individual ( billy type(Dog))

A syntax specification that yields an OWL/RDF compat-
ible language for package-extended ontologies.
Package-extended ontologies to support localized seman-
tics, flexible knowledge hiding as well as knowledge shar-
ing. Ontology entities are defined with “Scope Limitation
Modifier” that restrict their accessibility, and organized in
module called "package”.

A mechanism for view-based information integration over
modular ontologies with localized semantics. View is

B. Package-Extended Ontology

Collaborative ontology building demands modularized on-
tology representation by its very nature .Current ontology
languages like DAML+OIL and OWL, while they offer some
degree of modularization by restricting ontology segments
into separate XML namespaces, fail to fully support localized «
semantics, ontology evolution, distinction between semantic
and organizational hierarchies over concepts and properties,

a set of queries over one or more ontology packages.
Connecting ontologies with views could hiding semantic
details of a package to the outside, as while as also be
beneficent to flexible reuse of existing ontology.

A distributed reasoning algorithm over a package-
extended ontology to support locally-consistent reasoning
across autonomous ontology modules even in scenarios



TABLE I

SYNTAX AND SEMANTICS OF SHOQP(D) it. The resulting ontology language is callé@iSHOQP(D)

where© denotes a strict partial order on the axioms.

Constructor Syntax Semantics Definition 1: A OSHOQP(D)-knowledge base is a tuple
Package p pf € Ap (T,<), whereT is a SHOQP(D)-knowledge base anet
\éﬁ)vgal ok M vzg ﬁP is a strict partial order between axioms df For each pair
Inpackageg g‘; R},ISA% X Ap a1 < as, ay is said to bedefeasiblewhile a; is a (possible)
HomePackage  HP(t) HP(t)T = {p|(t*,p) € RL} defeater of a,
NestedIn EN GJIVIG A(P ;ﬁp Definition 2: A local interpretation of a package P;
SLM SLM(t. ) pe A can Access € |sIa palrL =< A ()5 >, where the concept space
T - A*i contains a nonempty set of objects and the role space
Arpiff SLM(t,p)=true
publict, p) ¥p, public(t, p) = true ()% is a function overAZ: x AT such that for class
private¢, p) pr(i’””%e](j(tf)’; = ¢, InPackage(c,P;) <= & C AT ; property
p= ) ) . ;
protected, p) Vp, protected(t, p) := P, InPackage(p,H) — pL - AT x (AL U dD) )
A (p= HP(t)or p €y HP(1)) instance i, InPackage(i, P;) <= iti € AL,
Import im(P1, Py) P is imported intoP; Definition 3: A distributed interpretation of a set of

packages{P;}, i = 1,---m is a family Z, = {Z;} where
) ) o ) T, =< AT ()% > is the local interpretation of?;. The
in which common global semantics is unavailable. The .on of all AZ is the distributed concept space’ and

reasoning process is built upon local reasoning oﬁere&gzd ={functions overAZs x AT } is the distributed role
by individual modules. space

Table Il gives the syntax and semantics of constructors inThe notion of defeat is formalized in the following definition
P-OWL. LetP be the set of all packages. We defifie: as the (adapted from [SHO2] )

domain of P. We assume that the domain of interpretation of Definition 4: Let ¥ = (7,<) be an OSHOQP(D)-
all packageg\ p is disjoint from the concrete datatype domai'P(nowIedge base, anél =< AZ,(.)Z > an interpretation of
A p, the abstract concept domaix?, the abstract role domain %, A terminological axiomA C B € T is

AT x AT and concrete role domain? x Ap. We define ;ipplicable Witz e AZ andT iff o € AZ

the term domainAf, as A7 = Ap UAT U (AT x AT)U - gppliedwirtz € AT iff it is applicable w.rt.z andz € BT
(AT x Ap). The resultingpackage-extendedescription logic [classically] satisfiedw.r.t =z € AZ iff it is applied w.r.tz
language is called HOQP (D) whereP stands for “package- \here it is applicable w.ri

extended”. - defeatedw.rt z € AT iff 3C C D < A C B such that
C C D is applied w.r.tx. In this case, we say that = D
.defeatsA C B w.r.t z.

As noted earlier, semantic mismatches and possible IoglcalAlthough definition 4 is defined on TBox(terminological

inconsistencies between _mdependently develope.d ontolo‘%}{om) only, it's easy to simulate the ABox with TBox axioms:
modules make the combining of such modules into larger

ontologies a challenging task. Specifically, in the case of two Cla) < {a}CC
ontology modulesx, g, it is possible that although E ¢, .
the module resulting from combining and 8 may not entail R(a,b) <= {a} C3IR{0}

t ie., {a,f} ¥ t That is, any system for collaborative For example, if we revisit the Animal Ontology in

ontology building has to provide mechanisms for hand"n@SH(’)QP(D) The terminology7” could be rewritten as
nonmonotonicity '

An example (adapted from [HVO02]) illustrates this problenpackage(1)
A dog is carnivore; however, a sick dog sometimes eats grafs) public(Dog, 1)
Formally, we add new axioms to the Animal Ontology: (Ab) 1: Dog C 1: Carnivore
(c) 1:DogE1: Pet
(2d) public(Animal, 1)
(1e) public(eats, 1)
() 1:Carnivore C 1 : Animal
The resulting knowledge base will be inconsistent becausd€la) 1 : Carnivore C V1 : eats.1 : Animal
sick dog (which is a dog) now can eat grass (which contradigteh) {1 : betty} C 1: Dog
the assertion that dogs are carnivores). Several techniques have
been developed to reconcile inconsistent ontology systepackage(2)
such as default logic [BH93] [BH92] and defeasible logi¢2a) im(2,1) ; import package 1
[SHO2] [HVO02]. In this paper, we extend our P-OWL with(2b) public(Plant,2)
the OSHOQ(D) proposed in [SHO2]. An axiom is said to(2c) 2: PlantM1: Animal CL
be defeasibleif some other axiom couldlefeat(or override) (2d) 2: SickDog T 1: DogM3l : eats.2 : Plant

C. Ontology Reconciliation

DisjointClasses(Plant,Animal)
SubClassOf( SickDog, Dog)
restriction(eats someValueFrom(Plant))



A simple combination of packages 1 and 2 is inconsisteas possible. If one possible ABox is foundy is satisfiable
on (1g) and (2d), i.e. there is no model for it. However, witland the subsumption is not true. If no possible ABox could
a partial order, this logical inconsistency can be eliminatedbe found, the subsumption is true. Interested reader is refered
One such possible partial order is (2qlg) (read as axiom to [BNO3] for Tableau algorithm and [HSO01] for NNF trans-
(2d) isstronger tharaxiom (1g) or axiom (1g) isveaker than formation rules and tableaux expansion rulesSétOQ(D).

axiom (2d)). In this case, a specific axiom (2gfeatsthe  2) Distributed Reasoning in Modular OntologyNow
general rule (1g). When there is a logical conflict between@ turn to the reasoning in package-extended ontology
pair of aXiomS, the weaker of the two is discarded. SHOQ’P(D) Reasoning in package_extended onto|ogy can
The specification of the partial ordet for resolving in- pe seen as distributed reasoning among autonomous ontology
consistencies between independently developed ontologiesnisdules where no global semantics is guaranteed. Therefore,

best left to the user interested in combining the ontologies {Re whole reasoning process has to be built on local reasoning
question. It may be based on principles of the sort describgflered by individual modules.

in [AvHO4]: If the source of one axiom may be more reliable
than the source of another axiom, or has higher authority gibsumptionAnswer (C, D, O)
social order, the former one may have higher priority; A mongput: ConceptC' and D, OntologyO =< P, W >
recent axiom may be preferred over an earlier one; exceptig@sturn: True or False
are stronger than the general rules. In collaborative ontology
building scenarios, it is reasonable to assign higher priority
to local package axioms relative to axioms from imported X )
packages in cases where a local package can be seen as a3h FOR all package/views P being referred4n
extension or an exception to a general ontology. Other partial?) _ RETURN Satisfiable 4, P)
order assignment policies may be based on the social order) END FOR
of the agents in the Wiki@nt community, such as ontology
administrator, package manager and common usetr. Satisfiable (S, P)
Input: Initial ABox set.S, package/viewP
Return:True or False
Ontology editing requires some support for reasoning with .
ontologies. For example, when we define a new instance ofl) FOR all ABoxes4, in S. . -
a class C, the properties associated with the instance shoula) 'Ijr_ansform concepts ind; into NNF w.rt. visible
be consistent with the superclass hierarchy of C, and the entities from P .
restrictions of each of C's (direct and indirect) superclasses.3) Do SHOQ(D) tableau transformation oA, get an
When an new axiom is proposed to be added to a package aug/mented set of ABoxes;
the reasoning engine ideally should verify that the addition of 4 S=5U Si. .
the proposed axiom does not introduce any inconsistencies. 5 [IFJAeSiis cor_nplete and consistent
1) Reasoning inSHOQ(D) Ontology: One of the most 6; ELRSEETURNTrue,
important reasoning problems is the subsumption reasoningg) FORVP', im(P, P')
problem - the problem of determining if a class is a subclass of SN S
another class. Many other reasoning problems can be reduc;f ) IF Satisfiable £', P') = True

1) Construct an ABoxA = {(C' M —-D)(z)}
2) TransformA into NNF according to [BNO3]

D. Reasoning

to subsumption. For example 11 ENRDE-:—FURN frue:
1. C and D are equivalent=- C is subsumed by D and D 12) END FOR

is subsumed by C. 133 END IF

2. C and D are disjointk=>- C 11D is subsumed by (bottom 14) END FOR

concept).
3. a is a member of C< {a} is subsumed by C 15) RETURN False

The standard reasoning algorithm in DL is the Tablealhe basic idea oBatisfiable algorithm is that a package or
algorithm. We restrict our discussion to the language ofew can answer &atisfiablerequest if a possible interpreta-
SHOQ(D) [HS01]. The general idea behind the standaribn is found locally; otherwise it has to consult the packages
Tableau algorithm is to reduce the subsumption probleamd views in its domain. Although no global semantics is
to (un)satisfiability problem and try to construct a possiblavailable, an interpretation of the "global” model is incremen-
interpretation for given terminology. The reduction is easy t@lly constructed by querying the relevant packages through the
understand sinc€ C D <= (N -D is unsatisfiable. corresponding views. (Note that if two packages are mutually
Transform C' 11 —D into negation normal form (NNF), i.e. imported, one or both of them could be called more than once
negation occurs only in front of concept names. Denote théile with different parametesS. If the tableaux expansion
transformed expression &Sy, the algorithm starts with an can yield a complete and logical clash-free completion ABox
ABox Ap = {Co{xo}}, and apply consistency-preservingset, Satisfiable will terminate even if mutually importing, or
transformation rulestgbleaux expansior to the ABox as far more generally, cyclic importing is possible).

4



It is easy to prove from the properties of the Tableau Algo- Definition 5: The support for a modelZ of ¥ =< 7, <>
rithm that theSubsumptionAnswer algorithm is sound, ter- is the setS? = {(z,A C B)|lz € AT, AC B € 7T is
minable, complete and decidable, when each of the moduleslisssically satisfied (see definition 3) w.ntandZ} ([SHO2]
limited to useSHOQ(D)-concept description. Since we knowDefinition 3)
satisfiability of SHOQ(D)-concept description ifPSPACE Definition 6: A model Z of a knowledge basé& is pre-
complete in each of the package, tBebsumptionAnswer ferred over another modef of X, denoted! < J if V(z, A C
is alsoPspacecomplete for this case. B) € SI\&§*,3(z,C C D) e SI\SY,CC D < AC B (

3) Dynamically Loaded Distributed Reasonin@he cost [SH02] Definition 4)
of communication between modules is an important consider-Definition 7: A model Z of a knowledge base& is a
ation in distributed reasoning In tt®atisfiablealgorithm, the preferred model of ¥ if there is no other modely of ¥
communication occurs on line 9). The local communicatiogach that/ < I ( [SH02] Definition 5)
cost in a single call t&atisfiableis the size of fed parameters
size(S)+size(P). size(S) = Y1 size(S;), wheresize(S;) The intuition behind this definition is a "good” model
is the number of axioms inS;. size(S) increases along should defeat least preferred axioms. Intuitively, is less
recursive iteration pathes sinfeis augmented by the tableauxpreferred thar/, because/; makes stronger assumption that
expansionssize(P) is trivially 1. The total communication billy is a TreatedDog and defeats 2d, whilé, defeats only
cost in a single call toSatisfiable includes both the local a weaker axiom 1g. Thuk is a preferred model. A modified
communication cost and the communication costs in all i{&rsion ofSatisfiableis given as following:
sub (recursive) calls. It depends on both the complexity of
ABox set of expanded! = {(C'M—-D)(x)} and the importing Satisfiable’ (S, P, <)
topology of the ontology. Suppose the domain of each modulgput: Initial ABox setS, package/viewP, partial order<
(package or view) is finite and the expanded importing patfeturn: True or False
for every package has finite length, the final call times of 1) FOR all ABoxes4; in S
Satisfiable is Pspacecomplete. Generally, the simpler the 2)  Transform concepts iM; into NNF w.r.t. visible
importing topology, the lower is the communication cost. entities from P
We can reduce communication cost with loading or caching 3) Do SHOQ(D) tableau transformation o, get an
referred ontology modules in local storage such as memory. augmented set of ABoxes; ’
However, creating a centralized ontology model in memory , S’ = {z|z € SUS; andz is a preferred modg!
defeats the very purpose of having a modular ontology. Hence5) IF VA € S are complete and consistent

a tradeoff should be made between communication cost an ) RETURN True:

memory cost. A (local or remote) partial ontology model 7) ELSE

will be dynamically loaded into local memory in a reasoning 8) FORVP', im(P, P')

process only if it is needed. The partial model could be ag) I= Sati7sfiable’ §'.P', <) = False
package, a small part of a package, or even an axiom. As wg, RETURN False

will see in the next section, dynamically loaded distributedll) END IE

reasoning is essential in Wiki@nt since there is even nqz) END FOR

persistent in-memory model for a package when it is referredlg) RETURN True:

4) Nonmonotonic Reasoning in Modular Ontologys 14) END IF
noted earlier, collaborative ontology development using thei5) END FOR

proposed approach requires support for nonmonotonic reah- . . . . _—

L . The basic idea of this algorithm is to limit the search only to
soning iNnOSHO D). Hence, we developed an algorithm )

n9 ! HOQP(D) W velop gor ferred models; if all preferred models assert Hat D,

for nonomonotonic reasoning in a package-extended ontol : ;

based on the result of reasoning dSHOQ(D) [SHO2]. enC C Dis acceptable In Fh@SHOQP(D) ontology.
The basic idea is to choose a prefer@H O QP (D) model Forma_lly, we call C is defeasibly subsumed by DSfib-
based on the specified partial order when we construct sumpt.|o.n.Answer(C,D,E) retunsTrue i ,

the interpretation(model) by tableau expansion. For example D€finition 8: For concept C and D in K&, C p defez;—
given the Animal Ontology (in 1I-C), if new axioms are added'P!y subsumedby D, denote a& ~ C C D, iff C* € D
to say that if a sick dog is sent to pet hospital (i.e., it is F €ach preferred moddl of 3 ( [SHO2] Definition 7)
TreatedDog), it will not eat grass:
(2e) 2 : TreatedDog C 2 : SickDog
(2f) 2 : TreatedDog T —31 : eats.2 : Plant OSHOQP(D) gives us an expressive language to build
(29) {1 : billy} C 2 : SickDog ontology from autonomous, distributed, and possibly incon-
and the partial order is (2f)(2d)<(1g). Given the fact that sistent ontology modules. Wiki@nt is the implementation of
betty is a sick dog, two possible interpretations of the ontologn ontology editor based o®SHOQP (D) to support col-
are given in table Ill. [SHO2] gives a formal definition of daborative ontology building by a community of autonomous
preferred model domain experts, organizations, or even software agents.

Ill. ARCHITECTURE



TABLE Il
POSSIBLEINTERPRETATIONS OF THEANIMAL ONTOLOGY

Dog | SickDog | TreatedDog| Jeats.Plant | Veats.Animal | ... satisfies

I; | billy billy billy & billy ... | all but 2d

I | billy billy 2%} billy 2 ... | all but 1g
Wiki Storage

user friendly text, such as HTML web page. The syntax

E E G is a extension to OWL to support package and partial
c Fle |:> |:> vses order on axioms. Wiki markup script is a human readable
| 5 Wiki syntax equivalent to the N-Triple syntax. N-Triple syntax
Up— E> C:I C:I is an alternative to the RDF/XML syntax and each line
Vodel ; or ¢ F H in N-Triple serialization is a triple statement with subject,
Cji i agents predicate and object. For example, axiom SubClassOf(Dog
L D DB J ' @ , Carnivore ) in the Animal Ontology could be represented
: | <:: Agnetinf ::> = by N-Triple syntax as:<http://mydomain.org/animal#Dog
! ; =€ <http://www.w3.0rg/2000/01/rdf-schema#subClassOf
"""""""" K <http://mydomain.org/animal#Carnivare or in
Import/Export > ‘ short form <animal:Dog> <rdfs:subClassOf
usersorAgens  <animal:Carnivore-. It's wiki script is [animal:Dog]
Fig. 1. The Architecture of Wiki@nt [rdfs:subClassOf][animal:Carnivore]

Each axiom is assigned a URI (uniform
resource identifier) as label. Thus, for example,
The name "Wiki@nt” suggests that it has a wiki-like editindittp://mydomain.org/animal/packagel#Dog represents
environment. Wiki is originally a collaborative documentatiodog T Carnivore in package(l), Animal Ontology. A
writing/website building tool. Typical wiki system includes apartial order can be specified as [uril] [wiki:stronger][uri2].
script language (usually a simplified subset of HTML tags), User can create a new page or modify the source script
a set of wiki pages written in the script language and shovaf an existing page. The editing action is assisted by several
in translated HTML pages,a RCS version control system Ygzards (such as class creating wizard) and a browser (eg.
record modification of contents, an user profile and concurrépiiow subclass and superclass of the class in question).
conflict management system tq engble multiple user editing tg_ga Wiki Engine
same contents, a content navigation system such as showin
link-in and link-out pages, and a simple-to-use, browser-base
editing environment to generate or modify content on the fly.
We find that those features are quite desirable in a col-*
laborative ontology editor. While most widely-used ontology
editors, such as Protege and OilEd, work very well for the *
task of developing a single ontology module, they do not lend
themselves to collaborative ontology building. This is due to °
the lack of a built-in formalism to support modular ontology
representation, and the lack of support for communication and
cooperation among multiple individuals in editing a shared
ontology consisting of multiple, independently developed, *
possibly partially overlapping modules. To overcome those
deficiencies, we propose to use wiki to ediSHOQP(D)
ontology. An ontology module is composed of one or more
wiki pages; multiple users can edit the same content, with*® X .
version control and transaction management; Ontology are P°€ used in an axiom group, and all other groups that
loaded into or uploaded from a set of wiki pages and managed '€ferring this group, are listed for browsing purpose.
by a ontology repository. Figure 1 shows the architecture of* CGenerates a RSS feed for ontology repository updates.

wiki engine
« Provides a web interface for ontology editor and browser.
Translates the Wiki@nt script to HTML code to be shown
in the web browser.
Manages the storage of wiki pages, in plain file or
database.
Provides version control. When a modification for an
axiom is submitted, the previous version is stored and
could be restored when the committed version is found
incorrect or impropriate.
Provides transaction management. Wiki@nt denies the
write-access of agents to a page,or possibly also related
pages such as subclasses in the class hierarchy, if it is
locked by some other agents.
Generates reference report for each wiki pages. All terms

wiki@nt. The wiki engine we utilized is based on the JSP-
Wiki(http://www.jspwiki.org) and implemented in Java and
A. Wiki: markup script and the editor JSP.

We defined a set of markup script tags to correspond o Wiki pages : axiom groups
the syntax of the ontologies. When a wiki page is under While most of the popular ontology editors have in-memory
editing, its wiki markup script is loaded and translated tmodel for edited ontology, Wiki@nt doesn’t maintain a in-
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I into Wiki Ontology Repository. The relevant portion of an

S IO E . .

= EENET = ontology is extracted or assembled from the wiki pages. We
= use the Jena toolkit to create the in-memory model and as
parser/writer for ontology files.

frsdtautaspeed Each loaded ontology is assigned a unique name, eg.
http://mydomain.org/animal/, and it's member packages, eg.
http://mydomain.org/animal/packagel, are registered to that
ontology. It's also possible that packages from different ontolo-
gies could be reassembled into a new ontology, thus provide
a flexible way for ontology reuse and integration.

e | E. The Agent Interface

Cal While fully automatic ontology construction and inter-
ontology mapping are impossible, software agents can assist
] humans in several aspects of collaborative ontology devel-
opment e.g., finding useful concepts and relations among
concepts from original data sources. Small pieces of ontolo-
ies, such as consistent concept (term) in data or concurrence

memory model for each resident ontology for several reasoo "AWO concents. can be generated by software agents. The
An in-memory model limits the scalability of the system with Pis, 9 y 9 '

respect to both the axioms number in one ontology and thesults may be subjected to review of domain experts, or even

number of ontologies in the Wiki@nt ontology repository; Inpﬁ.wfr software agents. Hence, although our current design of

2 . VY|k|@nt does not include support for software agents, we do
memory model implicitly assumes the existence of a gIOb?‘eserve an RPC interface that enables agents to communicate
ontology during the ontology development process and re- 9

quires monotonic behavior of the ontology - neither of thesvt\é'th Wiki@nt. Thus, in principle, it is possible for software

assumptions is desirable in a collaborative ontology buildirft iﬁr(é)snio participate in collaborative ontology building using
scenario.

_ Note that that even when the si_ze of t.he oqtology in.question IV. RELATED WORK

is huge, usually only a small fraction of its axioms are involved

during an editing action. Hence, we store the ontology asfa Modular Representation and Reasoning in Description
set of separate, possibly distributed blocks in Wiki@nt. EaédIC

block is serialized to external storage when it's not being 1) Distributed Logics:: A number of distributed logics
actively edited, and being loaded into the memory only if it'§ystem have been studied during recent years. Examples
edited or referred. This is inspired by widely used techniqu@sciude Local Model Semantics [GGO01] and Distributed First
of database memory management where partial content@f{der Logic (DFOL) [GS98] which emphasize local semantics
the database is dynamically loaded and unloaded to allgfd the compatibility relations among local models. Inspired
manipulation of of a much larger volume of data than cagy DFOL, [BS02] extends the description logic to obtain a
fit in limited memory. distributed description logic (DDL) system. A DDL system
Although different decompositions of an ontology packaggonsists of a set of distributed TBoxes and ABoxes connected
are logically equivalent, the size of each ontology block wilhy "bridge rules”. Bridge rules are unidirectional thereby
affect the convenience and efficiency of ontology editing anshsuring that there is no "back-flow” of information among
reasoning. It should not be too big (i.e. the whole package), ®odules being connected by a bridge rule. When the number
too small (e.g., a single triple). In Wiki@nt, we choose axiorsf modules to be connected is large, the explicit declaration
groups as ontology blocks. Each axiom group contains triplgs such bridge rules becomes tedious. [QG04] extends local
with same subject. For example, the axiom groups in Animgodel semantics and harmonizes local models via agreement
Ontology package(1) will be Dog, Carnivore, eats, and billyn vocabulary provenance.
Restrictions and anonymous classes, are assigned to the termg Modular Ontologies: Two approaches to integration of
from where they are referred. Each axiom group is translatgéparate ontologies have been developed based on DFOL and
to wiki markup script and stored as a wiki page. An ontologppL. The Modular Ontology, [SK03] offers a way to exploitat
could be stored distributedly in multiple pages, physically ifodularity in reasoning. It also defines an architecture that
file or database ,and could be dynamically, partially loadegipports local reasoning by compiling implied subsumption
when necessary. Figure2 shows a example of axiom grouprelations. It also offers a way to maintain the semantic integrity
of an ontology when it undergoes local changes. In the "view-
based” approach to integrating ontologies, all external concept
When an ontology is needed e.g., for reasoning, we expdsfinitions are expressed in the form of queries. However, A-
wiki pages as a single ontology file or read an ontology filBox is missing in the query definition, and the mapping be-

Fig. 2. a Wiki@nt page

D. Ontology exporting/importing



tween modules is unidirectional making it difficult to preserv®. Collaborative Knowledge Base Construction

local semantics. _ _ Some collaborative knowledge base construction projects,
3) Contextual Ontology:: Contextual logic, a formalism ajthough not focused on ontology building, address similar
based on DDL, emphasizes localized semantics in ontologiggablems.

Contextual ontology keeps contents local and maps the €ON1) Nooron: Noorort is a knowledge publishing system and
tent to other ontologies via explicit bridge rules. [BDSZ02h5s 3 wiki for ontology browsing.

proposed CTXML, which includes a hierarchy-based ontology 2) MnM: MnM [VVMD *02] is an annotation tool which
description and a context mapping syntax. [PBO3] combinegloyides both automated and semi-automated support for
CTXML and OWL into Context OWL (C-OWL), a syntax for gnnotating web pages with semantic contents. MnM integrates
bridge rules over OWL ontology. Our approach based on Ryyeh browser with an ontology editor and provides open APIs
OWL has several improvements over C-OWL by introducing, |ink to ontology servers and for integrating information
scope limitation modifiers (SLM) and query-based viewgxtraction tools. However, it doesn’t have concurrent access
Bridge rules can be viewed as special cases of queries @pgirol.

SLM offers a controllable way to keep content local by 3) FOAF: FoaP is an acronym for "Friend of a Friend”

definition. an experimental project and vocabulary for the Semantic Web.
It is based on the idea of a machine-readable version of the
B. Non-monotonic Reasoning in Description Logic current World Wide Web, with homepages, mailing lists, travel

. ing in d intion logic h . itineraries, calendars, address books and the likes. The project
No_nmontomc reasoning In .escrlptlon ogic has receivg open and allows participants to add their own information.
considerable attention in the literature. [BH93] and [BHO2pp o roq it js an RDF based knowledge base containing contact

introduced defaults in the description logic. [QR93] StUdé\nd acquaintance information about the participants.

ied preferred models and split axioms into defeasible and4) WikiPedia: WikiPedia 3 is a wiki-based open-content

not defea5|ble axioms. [SHO_2], [HVOZ] ext_ended dEfea.S'quwcyclopedia that is available in several languages. There are
reasoning tc‘)‘ descnp?on .IOg'C’ with a pargal orde“r de_fme1915,000 articles in English alone as of July, 2004. It is an open
on axioms, “stronger” axioms can defeat weak_er ax'om‘?-incyclopedia that is editable by participants. WikiPedia works
Qur_approach further extend; the non-monotonic DL to ﬂ}:ﬁﬁd assumes that that most of people in the community behave
d's”'F’“ted setting, and provides a tableau-based reasonii% manner that benefits the community. Articles in WikiPedia
algorithm. o are written in natural language, and the relation between items
Specifically, OSHOQP (D) proposed in this paper offers ajs not formal. Nevertheless, articles can be seen as concepts

possible extensions to the OWL language to support defaglty jinks between them seen as properties among them, in a
reasoning. The system allows inherited values to be overriddgf,mal sense.

by more specific classes, treating the inherited values ass) Open Directory Projector called DMOZ# is an online,
default. OSHOQP(D) embodies a closed-world assumption,

X ) ? n, collaborative taxonomy building project for web catalog.
(a statement is assumed to be true when it negation cannorrﬁg,, it has about 64,200 editors and a taxonomy tree of over

proved), as opposed to the open-world assumption (a statemedi§ 00o categories and over 4 million sites classified into
cannot be assumed true on the basis of failure to prove lgeqqries. The relations between DMOZ concepts is just strict

negation) currently adopted by OWL. A careful investigation,pclassOf”. Both WikiPedia and DMOZ knowledge base
of the relative advantages of the closed versus open woyg, open source inspired and freely available.

assumptions in specific application scenarios deserves furtheAlthough these projects lack formalized and full-fledged

attention. ontologies, they offer interesting demonstrations of the fea-
sibility of collaborative ontology development. The Wiki@nt
C. Collaborative Ontology Editor collaborative ontology development environment proposed in
rth_is paper is inspired by the success of DMOZ and WikiPedia,
ghd aims to provide support for such efforts using a formal on-

ture [l_Den02] [Ont]. Hoyvever, most existing ontplogy eOIItOr't;ology language to facilitate machine interpretable annotations
including the most widely used ontology editors Prote & data

[GMFT02] and OilEd [BHGS01] provide little support for
collaborative ontology development. The ontology editors that V. SUMMARY AND DISCUSSION
support collaborative ontology editing are listed in TablelV. In thi h q ibed
Most of them provide concurrent access control with trans- n this paper we have e§cr.| € ) )
action oriented locking, and in some cases, even rollbacke A OSHOQP(D) description logic to support defeasi-
However, none of the existing ontology editors, to the best ble reasoning with modular ontologies for collaborative
of our knowledge, provides principled approaches for manip-,

. . . http://www.nooron.org
ulating independently developedZ .seman'tlcally hete'rogengou%ttp://wwwlfoaf_projectlorg/
ontology modules or for reconciling logical inconsistencies 3pyyp://en.wikipedia.org/
between such modules. “http://www.dmoz.org/



TABLE IV

COLLABORATIVE ONTOLOGY EDITORS

Tool [ Base Language [ Import/Export | More Information ]
DOME CLASSIC & FaCT OKBC, XML http://more.btexact.com/projects/ibsr/dome/index.htm
IODE KIF KIF, UML, RDB, XML,DTD http://www.ontologyworks.com/

KAON KAON RDFS http://kaon.semanticweb.org/

FLogic, Prolog, XML

LinKFactory Workbench| Extended description logi¢ XML, RDF(S), DAML+OIL/OWL http://www.landc.be/

Onto-Builder LOK DAML+OIL; XML, LOK, KIF http://ontology.univ-savoie.fr
OntoEdit [SEAF02] F-Logic RDFS; F-Logic; DAML+OIL RDB | http://www.ontoprise.de/com/ontoedit.htm
Ontolingua [FFPR95] Ontolingua DAML+OIL, KIF, OKBC, Loom, http://www.ksl.stanford.edu/software/ontolingua/

Prolog, Ontolingua, CLIPS,

Ontosaurus Loom KIF, Loom, OKBC http://www.isi.edu/isd/ontosaurus.html
OpenKnoMe GRAIL CLIPS, XML http://www.topthing.com/
WebKB FS (extended CGs) DAML/RDF; CGIF; KIF http://meganesia.int.gu.edu.au/ phmartin/\WebKB/
WebODE Prolog DAML+OIL, RDFS, X-CARIN, http://delicias.dia.fi.upm.es/webODE/

WebOnto OCML RDF, RDFS, GXL, Ontolingua,

OIL| http://kmi.open.ac.uk/projects/webonto/

ontology construction, ontology integration and reconcifgH92]
iation.

« Distributed reasoning algorithms in both monotonic moq—BHgs]
ular ontology and defeasible modular ontology.

o A distributed ontology representation and storage
methodology based on wiki. (BHO4]

« A Light-weight ontology editor to support collaborative
ontology building [BHGSO01]

Some interesting directions for future work include:

« Incorporation of transaction management and incorpLHLo1]
ration of safe mechanisms for handling simultaneous
editing and modification of ontologies (BNO3]

« Detailed complexity analysis of the reasoning algorithm
in SHOQP(D) andOSHOQP(D) including bounds on
the communication cost for the tableu based reasoing f[%rSOZ]
SHOQ(D)

« Investigation of useful policies for assigning partial order
among axioms, including those that are base don machifero4]
learning or probabilistic approaches [GL02], [DP04].

« Investigation of learning agents for generating ontolqcpHos]
gies (e.g., taxonomies over attribute values) from data
[KSZHO04]. Such agents can assist domain experts in
ontology building. [CSCH03]

« Applications of collaborative ontology building environ-
ments for information integration from autonomous, dis-
tributed, semantically heterogeneous information sources
[CPHO04] in knowledge and data intensive domains like
bioinformatics, security informatics, and more generaII){[b
semantic web [BLHLO1]. enoz]
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