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Abstract. When di�eren t agen ts comm unicate with eac h other, there needs to b e some w a y to ensure that the meaning of what

one agen t em b o dies is accurately con v ey ed to another agen t. It has b een argued that on tologies pla y a k ey role in comm unication

among di�eren t agen ts. Ho w ev er, in some situations, b ecause there exist terminological heterogeneities and incompleteness of

pieces of information among on tologies used b y di�eren t agen ts, comm unication among agen ts will b e v ery complex and di�cult to

tac kle. In this pap er, w e prop osed a solution to the problem for these situations. W e used distributed description logic to mo del the

mappings b et w een on tologies used b y di�eren t agen ts and further mak e a default extension to the DDL for default reasoning. Then,

base on the default extension of the DDL mo del, a complete information query can b e reduced to c hec king default satis�abilit y of

the complex concept corresp onding to the query .

Key w ords. On tology , Description Logic, Multi-agen t System, Satis�abilit y , Default reasoning.

1. In tro duction. Agen ts often utilize the services of other agen ts to p erform some giv en tasks within

m ulti-agen t systems [1 ]. When di�eren t agen ts comm unicate with eac h other, there needs to b e some w a ys to

ensure that the meaning of what one agen t em b o dies is accurately con v ey ed to the other agen t. On tologies pla y

a k ey role in comm unication among di�eren t agen ts b ecause they pro vide and de�ne a shared v o cabulary ab out a

de�nition of the w orld and terms used in agen t comm unication. In real-life scenarios, agen ts suc h as W eb agen ts

[2] need to in teract in a m uc h wider w orld. The future generation W eb, called Seman tic W eb [3] originates

from the form of decen tralized v o cabularies - on tologies, whic h are cen tral to the vision of Seman tic W eb's

m ulti-la y er arc hitecture [4]. In the bac kground of the future Seman tic W eb in telligence, there are terminological

kno wledge bases (on tologies), reasoning engines, and also standards that mak e p ossible reasoning with the

mark ed concepts on the W eb. It no w seems clear that Seman tic W eb will not b e realized b y agreeing on a single

global on tology , but rather b y w ea ving together a large collection of partial on tologies that are distributed

across the W eb [5]. In this situation, the assumption that di�eren t agen ts completely shared a v o cabulary is

unfeasible and ev en imp ossible. In facts, agen ts will often use priv ate on tologies that de�ne terms in di�eren t

w a ys making it imp ossible for the other agen t to understand the con ten ts of a message [6 ]. Usc hold iden ti�es

some barriers for agen t comm unication, whic h can b e classi�ed in to language heterogeneit y and terminological

heterogeneit y [7]. In this pap er, w e will fo cus on terminology heterogeneit y and not consider the problem of

language heterogeneit y .

T o o v ercome these heterogeneit y problems, there is a need to align on tologies used b y di�eren t agen ts, the

most often discussed are merging and mapping of on tologies [8, 9]. Ho w ev er, it seems that the e�orts are not

enough. F or comm unication among agen ts with heterogeneous on tologies, there are still some problems that

require to b e solv ed. In some situations, only incomplete information can b e got. These happ en sometime as

una v ailabilit y of pieces of information, sometime as seman tic heterogeneities (here, terminological heterogeneities

are fo cused on) among on tologies from di�eren t sources. Another problem is that there alw a ys exist some

exceptional facts, whic h con�ict with commonsense information. F or example, commonly bird can �y , p enguin

b elongs to bird, but p enguin couldn't �y . In these situations, comm unication among agen ts will b e more complex

and di�cult to tac kle. W e m ust consider not only the alignmen t of on tologies used b y di�eren t agen ts, but

also the implicit default information hidden among these on tologies. Then, information reasoning for query

should b e based on b oth these explicitly represen ted on tologies and implicit default information. This form of

reasoning is called default reasoning, whic h is non-monotonic. Little atten tion, ho w ev er, has b een paid to the

problem of endo wing these logics ab o v e with default reasoning capabilities.

F or a long time, represen tation and reasoning in description logic (DL) [10 ] ha v e b een used in a wide

range of applications, whic h are usually giv en a formal, logic-based seman tics. Another distinguished feature

is the emphasis on reasoning as a cen tral service. Description logic is v ery useful for de�ning, in tegrating, and
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main taining on tologies, whic h pro vide the Seman tic W eb with a common understanding of the basic seman tic

concepts used to annotate W eb pages. They should b e ideal candidates for on tology languages [11 ]. D AML+OIL

[12 , 15 ] and O WL [13 ] are clear examples of Description Logics. Recen tly , Borgida and Sera�ni prop osed an

extension of the formal framew ork of description Logic to distributed kno wledge mo dels [14 ], whic h are called

distributed description logic (DDL). A DDL consists of a set of terminological kno wledge bases (on tologies) and

a set of so-called bridge rules b et w een concept de�nitions from di�eren t on tologies. T w o kinds of bridge rules

are considered in DDL. Another imp ortan t feature of DDL is the abilit y to transform a distributed kno wledge

base in to a global one. In other w ords, the existing description logic reasoners can b e applied for deriving new

kno wledge.

W e adopt the view of [6 ] that the mappings b et w een on tologies will mostly b e established b y individual

agen ts that use di�eren t a v ailable on tologies in order to pro cess a giv en task. In our opinion, it is a solution

to mo del the mappings b et w een on tologies used b y di�eren t agen ts using a DDL and further mak e a default

extension to the DDL for default reasoning. Then, base on the default extension of the DDL mo del, a complete

information query can b e reduced to c hec k default satis�abilit y of the complex concept corresp onding to the

query .

This pap er is organized as follo ws. Section 2 presen ts our motiv ation in making default extension to DDL for

comm unication among m ultiple agen ts. Section 3 in tro duces represen tation and reasoning related to on tology .

Distributed description logic are in tro duced particularly . In Section 4, w e pro vide a formal framew ork for default

extension to description logic. Default reasoning based on an EDDT is discussed in Section 5. Mean while, an

algorithm is prop osed for c hec king the default satis�abilit y of a giv en concept or a terminological subsumption

assertion. Section 6 and Section 7 are related w ork and conclusion, resp ectiv ely .

2. Motiv ation. In order to pro cess a giv en task in m ulti-agen t systems, it is imp ortan t and essen tial to

comm unicate with eac h other among di�eren t agen ts. Ho w ev er, there often exist some terminological hetero-

geneities and incompleteness of pieces of information among on tologies used b y di�eren t agen ts, whic h mak e an

agen t not completely understand terms used b y another agen t. In the situations, it is di�cult and ev en imp os-

sible to realize the comm unication among agen ts. W e prop ose a solution to this problem for the situation. W e

mo del the kno wledge represen tation of m ulti-agen ts using distributed description logic. The in ternal mappings

b et w een on tologies used b y di�eren t agen ts are de�ned using the so-called bridge rules of distributed description

logic. Then, b y default extension to the DDL mo del, w e can express explicitly some default information hidden

among these on tologies. Based on the extension to DDL mo del, a query can b e reduced to c hec king the default

satis�abilit y of a concept or an assertion corresp onding to the query . More precisely , an adapted algorithm is

prop osed for c hec king default satis�abilit y .

Fig. 2.1 . The situation of c ommunic ation pr oblem b etwe en two agents

In order to express the problem to b e resolv ed clearer, w e mak e some assumption for simplicit y . W e only

consider comm unication b et w een t w o agen ts, whose on tologies are enco ded on the same language. Then, w e

assume that on tologies used b y the t w o agen ts ha v e su�cien t o v erlap suc h that in ternal mappings b et w een them

can b e found. The follo wing example sho wn in Figure 2.1 illustrates the situation describ ed in the pap er for

our application.
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In m ulti-agen t systems, on tologies are used as the explicit represen tation of domain of in terest. T o pro cess a

giv en task, an agen t p erhaps uses m ultiple on tologies, whic h usually supplemen t eac h other and form a complete

mo del. Ho w ev er, in the mo del, the default information among these on tologies is not considered. F or example,

w e p erhaps establish the in ternal mapping sp ecifying that BIRD is a sub class of NON_SPEAKING_ANIMAL.

Through the agen t using on tology 1, w e tak e the follo wing query BIRD ^ NON_SPEAKING_ANIMAL. The

found question is that the agen t using on tology 1 do esn't kno w the meaning of the term

NON_SPEAKING_ANIMAL

whic h only can b e understo o d b y the agen t using on tology 2. T o get complete and correct results of query , the

t w o agen ts m ust co ordinate eac h other. Another question is that the query results of the agen t will include

SP ARR O W and P ARR OT. W e will �nd the results are partially correct b ecause the class of P ARR OT can

sp eak lik e man. The reason getting partially correct results is that w e ha v e not considered the default fact:

in most cases, birds cannot sp eak; parrots b elong to the class of birds but they can sp eak. In our opinion,

default information should b e considered and added in to the mo del with m ultiple on tologies, whic h will form a

su�cien tly completely mo del. Then, a v ailable reasoning supp ort for on tology languages is based on the mo del

with default information.

3. Represen tation and Reasoning Related to On tologies. A formal and w ell-founded on tology lan-

guage is the basis for kno wledge represen tation and reasoning ab out the on tologies in v olv ed. Description Logic

is a formalism for kno wledge represen tation and reasoning. Description logic is v ery useful for de�ning, in tegrat-

ing, and main taining on tologies, whic h pro vide the Seman tic W eb with a common understanding of the basic

seman tic concepts used to annotate W eb pages. It should b e ideal candidates for on tology languages. One of

the imp ortan t prop osals that ha v e b een made for w ell-founded on tology languages for the W eb is D AML+OIL.

Recen tly , description logic has hea vily in�uenced the dev elopmen t of the seman tic W eb language. F or exam-

ple, D AML+OIL on tology language is just an alternativ e syn tax for v ery expressiv e description logic [12 ]. So

in the follo wing sections, w e use syn tax and seman tic represen tations of description logic in v olv ed instead of

D AML+OIL. Description Logics is equipp ed with a formal, logic-based seman tics. Its another distinguished

feature is the emphasis on reasoning as a cen tral service.

3.1. Description Logic. The basic notations in DL are the notation of concepts em bracing some individ-

uals on a domain of individuals, and roles represen ting binary relations on the domain of individuals. A sp eci�c

DL pro vides a sp eci�c set of constructors for building more complex concepts and roles. F or examples:

� the sym b ol > is a concept description whic h denotes the top concept, while the sym b ol ? stands for the

inconsisten t concept whic h is called b ottom concept.

� the sym b ol u denotes concept conjunction, e. g., the description P erson u Male denotes the class of man.

� the sym b ol 8R.C denotes the univ ersal roles quan ti�cation (also called v alue restriction), e. g., the

description 8hasChild.Male denotes the set of individual whose c hildren are all male.

� the n um b er restriction constructor ( � nR.C) and ( � nR.C), e. g., the description ( � 1 hasChild.Do ctor)

denotes the class of paren ts who ha v e at least one c hildren and all the c hildren are do ctors.

The v arious description logics di�er from one to another based on the set of constructors they allo w. Here,

w e sho w the syn tax and seman tics of ALCN [16 ], whic h are listed as Figure 3.1.

Then w e can mak e sev eral kinds of assertions using these descriptions. There exist t w o kinds of assertions:

subsumption assertions of the form C v D and assertions ab out individuals of the form C(a) or p(a; b) , where

C and D denote Concepts, p denotes role, and a and b are individual, resp ectiv ely . F or examples, the assertion

P arent v P erson denotes the fact the class of paren ts is subsumed b y the class of p erson. The description

P erson(a) denotes that the individual a is a p erson while the description hasChild (a; b) denotes a has a

c hild who is b. The collection of subsumption assertions is called Tb o x, whic h sp eci�es the terminology used

to describ e some application domains. A Tb o x can b e regarded as a terminological kno wledge base of the

description logic.

An in terpretation for DL I = (� I ; � I ) , where � I
is a domain of ob jects and � I

the in terpretation function.

The in terpretation function maps roles in to subsets of � I � � I
, concepts in to subsets of � I

and individuals

in to elemen ts of � I
. Satisfactions and en tailmen ts in DL Tb o x will b e describ ed using follo wing notations:

� I j = C v D i� C I v D I

� I j = T , i� for all C v D in T , I j = C v D
� C v D , i� for all p ossible in terpretations I , I j = C v D
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DL Syn tax DL Seman tic

: C L nC I

C u D C I \ D I

C t D C I [ D I

9P:C f xj9y:(x; y) 2 P I ^ y 2 C I g
8R:C f xj8y:(x; y) 2 P I ! y 2 C I g

C v D C I � D I

P v R P I � RI

C v : D C I \ D I = ;
� nP:C { x 2 L j k { y 2 L j (x; y) 2 P I ^ y 2 C I

} k � n }

� nP:C { x 2 L j k { y 2 L j (x; y) 2 P I ^ y 2 C I
} k � n }

C(a) a 2 C I

P(a; b) (a; b) 2 P I

Fig. 3.1 . Syntax and semantics of ontolo gy r epr esentation

� T j= C v D , i� for all in terpretations I , I j = C v D suc h that I j = T

3.2. Distributed Description Logic. A DDL is comp osed of a collection of �distributed" DLs, eac h of

whic h represen ts a subsystem of the whole system. All of DLs in DDL are not completely indep enden t from

one another as the same piece of kno wledge migh t b e presen ted from di�eren t p oin ts of view in di�eren t DLs.

Eac h DL autonomously represen ts and reasons ab out a certain subset of the whole kno wledge. Distributed

description logic (DDL) can b etter presen t heterogeneous distributed systems b y mo deling relations b et w een

ob jects and relations b et w een concepts con tained in di�eren t heterogeneous on tologies.

A DDL consists of a collection of DLs, whic h is written { DL i gi 2 I , ev ery lo cal DL in DDL is distinguished

b y di�eren t subscripts. The constrain t relations b et w een di�eren t DLs are describ ed b y using so-called �bridge

rules" in an implicit manner, while the constrain ts b et w een the corresp onding domains of di�eren t DLs are

describ ed b y in tro ducing the so-called �seman tics binary relations". In order to supp ort directionalit y , the

bridge rules from DL i to DL j will b e view ed as describing ��o w of information" from DL i to DL j from the

p oin t of view of DL j . In DDL, i : C denotes the concept C in DL i , i : C v D denotes subsumption assertion

C v D in DL i . A bridge rule from i to j is describ ed according to follo wing t w o forms: i : C
v
�! j : D and

i : C
w
�! j : D . The former is called in to-bridge rule, and the latter called on to-bridge rule. A DDL em braces

a set of subsumption assertions, whic h are called DTB. A distributed Tb o x (DTB) is de�ned based on Tb o xes

in all of lo cal DLs and bridge rules b et w een these Tb o xes. A DTB DT = ( f Ti gi 2 I ; B ) , where Ti is Tb o x in

DL i , and for ev ery i 6= j 2 I , B = f B ij g, where B ij is a set of bridge rules from DL i to DL j . A DTB can b e

regarded as a distributed terminological kno wledge base for the distributed description logics.

The seman tics for distributed description logics are pro vided b y using lo cal in terpretation for individual DL

and connecting their domains using seman tics binary relations r ij . A distributed in terpretation J = (fI i gi 2 I ; r )
of DT consists of in terpretations I i for DL i o v er domain � I i

, and a function r asso ciating to eac h i; j 2 I a

binary relation r ij � � I i � � I j
. r ij (d) = f d0 2 � I j j(d; d0) 2 r ij g, and for an y D 2 � I j

, r ij (D ) = [ d2 D r ij (d) .

Note that seman tic relation r m ust b e b old ev erywhere.

A distributed in terpretation J d-satis�es (written j= d ) the elemen ts of DTB DT = ( f Ti gi 2 I ; B ) according

to follo wing clauses: F or ev ery i; j 2 I

� J j= d i : C
v
�! j : D if r ij (C I i ) � D I j

� J j= d i : C
w
�! j : D if r ij (C I i ) � D I j

� J j= d i : C v D if I i j= C v D
� J j= d Ti , if for all C v D in Ti suc h that I i j= C v D
� J j= d DT , if for ev ery i; j 2 I , I i j= d Ti and I i j= d b, for ev ery b 2 [ B ij

� DT j= d i : C v D , if for ev ery distributed in terpretation J , J j= d DT implies

J j= d i : C v D

4. Default Extension to DDL. DDL is used to b etter mo del kno wledge represen tation in a m ulti-agen t

systems, where on tologies are used as the explicit represen tation of domain of in terest. The in ternal mappings
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DT ={{ T1 ={P ARR OT v BIRD,SP ARR O W v BIRD},

T2 ={P ARR OT v FL YING_ANIMAL,

GO A T v : SPEAKING_ANIMAL}

B ={1:P ARR OT v 2:P ARR OT}}

DF ={BIRD( x ):P ARR OT( x )/ : SPEAKING_ANIMAL( x )}

Fig. 4.1 . DT and D of the DDT

� I 1
={parrot1,parrot2,spar ro w,sw a n}, P ARR OT

I 1
={parrot1,parrot2}

SW AN

I 1
={sw an}, SP ARR O W

I 1
={sparro w}

BIRD

I 1
={parrot1,parrot2,sparr o w,sw a n}

� I 2
={parrot,goat,butter�y}, P ARR OT

I 2
={parrot}

GO A T

I 2
={goat}, FL YING_ANIMAL

I 2
={parrot,butter�y}

: SPEAKING_ANIMAL

I 2
={goat},

r12 ={(parrot1, parrot), (parrot2, parrot)}

Fig. 4.2 . The distribute d interpr etation of the DDT

b et w een on tologies used b y di�eren t agen ts are de�ned using the so-called bridge rules of distributed description

logic. As men tioned in Section 2, ho w ev er, DDL mo del is not su�cien t for mo deling comm unication among

m ultiple agen ts with heterogeneous on tologies b ecause the default information among these on tologies is not

considered. In this situation, query based on m ulti-agen t systems will b e p ossible to get partially correct results.

T o construct a su�cien tly completely mo del, default information should b e considered and added in to the DDL

mo del with m ultiple on tologies. In the follo wing, w e discuss the problem of default extension to DDL.

Our default extension approac h is op erated on a distributed terminological kno wledge base. A distributed

terminological kno wledge base originally em braces only some strict information (i. e., the information ha ving

b een expressed explicitly in distributed terminological kno wledge base). Default information is used for getting

complete and correct information from m ultiple distributed on tologies. W e should consider a w a y to explicitly

include and express the default information in a distributed terminological kno wledge base for reasoning based

on these distributed on tologies. T o b e able to include default information in distributed kno wledge base, w e

�rstly in tro duce the notation description of a default rule.

Definition 4.1. A default rule is of the form P(x) : J1(x); J2(x); � � � ; Jn (x)=C(x) , wher e P; C and J i ar e

c onc ept names ( 1 � i � n ), and x is a variable. P(x) is c al le d the pr er e quisite of the default, al l of J i (x) ar e

c al le d the justi�c ations of the default, and C(x) is c al le d the c onse quent of the default. The me aning of default

rule P(x) : J1(x); J2(x); � � � ; Jn (x)=C(x) c an b e expr esse d as fol lows:

If ther e exists an interpr etation I such that I satis�es P(x) and do esn 't satisfy every J i (x) ( 1 � i � n ),

then I satis�es C(x) . Otherwise, if I satis�es every J i (x) ( 1 � i � n ), then I satis�es C(x) .

F or example, to state that a p erson can sp eak except if s/he is a dumm y , w e can use the default rule

P erson(x):Dumm y(x)/CanSp eak(x).

If there is an individual named John in a domain of individuals, then the closed default rule is

P erson(John):Dumm y(John)/CanSp eak(John).

T o deal with strict taxonomies information as w ell as default information in distributed kno wledge base,

the de�nition of distributed kno wledge base should b e extended for including a set of default rules. W e call the

distributed terminological kno wledge base with explicit default information default distributed terminological

kno wledge base, whic h is denoted as DDT.

Definition 4.2. A default distribute d terminolo gic al know le dge b ase DDT=(DT,D), wher e DT is the DTB

of distribute d description lo gic, and D is a set of default rules.

An example of a DDT is sho wn in �gure 4.1. The DT of the DDT is based on t w o lo cal terminological

kno wledge bases, named T1 and T2 resp ectiv ely . The DT and D of the DDT are sho wn in Figure 4.1. Figure

4.2 pro vides a distributed in terpretation of the DDK.
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The satisfaction problem of DDT should b e discussed for queries based on it. The satisfaction sym b ol is

denoted as j= dd . The kind of satis�abilit y of these elemen ts in DDT means that they should satisfy not only

DT, but also the set D of default rules. So w e call satis�abilit y of elemen ts in DDT default satis�abilit y . Default

satis�abilit y serv es as a complemen t of satis�abilit y de�nition in a distributed terminological kno wledge base

with default rules. In queries based on DDT, the de�nition will b e used to detect satis�abilit y of a concept or

assertion.

Definition 4.3. A distribute d interpr etation J dd-satis�es (written j= dd ) the elements of DDT = ( DT; D ) ,

ac c or ding to fol lowing clauses: F or every default rule � in D, � = P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x) , for every

i; j 2 I
� J j= dd DDT , if J j= d DT and J j= d �
� J j= dd DT , if J j= d DT and J j= d �
� J j= d � , if J j= d P v C implies J 2d Jk v : C for all k ( 1 � k � n )

� J j= d P v C , if i 6= j , suc h that J j= d i : P v C or J j= d i : P
v
�! j : C or

J j= d j : C
w
�! i : P

� DDT j= dd DT , if for all distributed in terpretation J , J j= dd DDT implies

J j= dd DT
In a distributed kno wledge base, default information ma y ha v e b een used during reasoning, but a DDT is

not really helpful for reasoning with default information in distributed kno wledge. Some additional information

with resp ect to default rules should b e included explicitly in to DT. A closed default rule of the form P(x) :
J1(x); J2(x); � � � ; Jn (x)=C(x) can b e divided in to t w o parts: P(x) ! C(x) and J i (x) ! C(x) , ( 1 � i � n ). W e

call the �rst part ful�lled rule, and the second exceptional rules. A rule of the form A(x) ! B (x) means for

ev ery (distributed) in terpretation I , x 2 A I
, then x 2 B I

, i. e. A v B , where A and B are concept names, and

x denotes an individual.

Definition 4.4. A n extende d distribute d know le dge b ase EDDT is c onstructe d b ase d on a DDT=(DT,D),

ac c or ding to the fol lowing clauses: F or every default rule � in D, � = P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x) ,

1) Dividing in to t w o parts whic h em brace ful�lled rules and exceptional rules, resp ectiv ely . The ful�lled

rule denotes that it holds in most cases un til the exception facts app ear, while the exceptional rules denote

some exceptional facts.

2) A dding P v C and J i v C in to DT ( 1 � i � n ), whic h are the assertions corresp onding to ful�lled rule

and exceptional rules, resp ectiv ely

3) Setting the priorities of di�eren t rules for selecting appropriate rules during reasoning. The assertions

corresp onding to exceptional rules ha v e the highest priorit y , while original strict information has normal priorit y .

The assertions corresp onding to ful�lled rules are giv en the lo w est priorit y .

In the course of constructing an EDDT, default information has b een added in to distributed kno wledge base

for default reasoning, b ecause these default information ma y ha v e b een used during reasoning. Exceptional

information has b een assigned the highest priorit y to a v oid con�icting with some strict information, while

ful�lled rules w ould b e used only in the situation that no other strict information can b e used, its priorit y is

least. A simpli�ed view of the EDDT based on the DDT and its in terpretation (sho wn in �gure 4.1 and 4.2)

can b e found in �gure 4.3. The default rule BIRD (x) : P ARROT (x)=SP EAKING _ ANIMAL (x) is divided

in to one ful�lled rule and one exceptional rule, the ful�lled rule BIRD v : SP EAKING _ ANIMAL and the

exceptional rule P ARROT v SP EAKING _ ANIMAL has b een added in to EDDT. In fact, an EDDT can

b e recognized as a collection of in tegrated on tologies with default information expressed explicitly . Default

reasoning can b e p erformed based on an EDDT. In the follo wing section, w e will fo cus on ho w the default

reasoning based on EDDT will b e realized. Mean while, an adapted algorithm will b e discussed for c hec king

default satis�abilit y of complex concepts and subsumption assertions.

5. Reasoning with Default Information. Reasoning with default information pro vides agen ts using

di�eren t on tologies with stronger query capabilit y . In our opinion, a query based on DDT can b oil do wn

to c hec king default satis�abilit y of complex concept in accord with the query . Based on description logics,

satis�abilit y of a complex concept is decided in p olynomial time according to T ableau algorithm for ALCN
[10 , 16 ]. An imp ortan t result of DDL is the abilit y to transform a distributed kno wledge base in to a global one.

So the existing description logic reasoners can b e applied for deriving new kno wledge. This w ould allo w us to

transfer theoretical results and reasoning tec hniques from the extensiv e curren t DL literatures. In our reasoning

approac h with default information, the result will b e used. The reasoning problem of distributed terminological
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Fig. 4.3 . A n example of EDDT

kno wledge base of a DDL will b e transformed to the reasoning problem of terminological kno wledge base of a

global DL corresp onding to the DDL. So in our opinion, detecting default satis�abilit y of a DDL is just detecting

the default satis�abilit y of the global DL in accord with the DDL. A default extension to T ableau algorithm for

ALCN DL can b e used for detecting default satis�abilit y of ALCN concepts based on an EDDT.

Definition 5.1. A c onstr aint set S c onsists of c onstr aints of the form C(x), p(x,y), wher e C and p ar e

c onc ept name and r ole name, r esp e ctively. Both x and y ar e variables.

An I -assignmen t maps a v ariable x in to a elemen t of � I
. If x I 2 C I

, the I -assignmen t satis�es C(x) . If

(x I ; yI ) 2 pI
, the I -assignmen t satis�es p(x; y) . If the I -assignmen t satis�es ev ery elemen t in constrain t set S ,

it sati s�es S . If there exist an in terpretation I and an I -assignmen t suc h that the I -assignmen t satis�es the

constrain t set S , S is satis�able. S is satis�able i� all the constrain ts in S are satis�able.

It will b e con v enien t to assume that all concept descriptions in EDDT are in ne gation normal form (NNF).

Using de-Morgan's rules and the usual rules for quan ti�ers, an y ALCN concept description can b e transformed

in to an equiv alen t description in NNF in linear time. F or example, the assertion description SP ARROW v
BIRD can b e transformed the form : SP ARROW t BIRD . T o c hec k satis�abilit y of concept C , our extended

algorithm starts with constrain t set S = f C(x)g, and applies transformation rules in an extended distributed

kno wledge base. The concept C is satis�able i� the constrain t set S is unsatis�able. In applying transformation

rules, if there exist all ob vious con�icts (clashes) in S , S is unsatis�able, whic h means the concept C is satis�able.

Otherwise, S is unsatis�able. The transformation rules are deriv ed from concepts and assertions in EDDT. If

the constrain t set S b efore the action is satis�able, S after the action is also satis�able. The transformation

rules of default extension to satis�abilit y algorithm are sho wn as Figure 5.1.

When the adapted algorithm is used for detecting default satis�abilit y of ALCN concepts, ev ery action m ust

preserv e satis�abilit y . Because if an action don't preserv e satis�abilit y , w e cannot ensure the condition that if

the constrain t set b efore the action is satis�able then the set after the action is satis�able. In the extension

algorithm, w e m ust pro v e the actions preserv e satis�abilit y .

Theorem 5.2. The action of the applie d tr ansformation rules pr eserves satis�ability.

Pr o of . Because a DDL can b e regarded as a global DL, for simpli�cation, w e use in terpretation I of the

global DL for distributed in terpretation J of the DDL.

In the extension algorithm, ev ery step ma y in v olv e the actions of some transformation rules that are applied.

so w e m ust pro v e all of these actions in these steps preserv e satis�abilit y . Because the actions in the second

step are originally deriv ed from the classical T ableau algorithm, w e ha v e kno wn they preserv e satis�abilit y [10 ].

The remainder of the pro of will only consider the actions in the �rst step and the third step.

1) In the �rst step, the action condition is that for an y default rule of the form

P(x) : J1(x); J2(x); : : : ; Jn (x)=C(x)

in set of default rules, there exists J i ( x ) is con tained in S. If the constrain t set S b efore the action is satis�able,

then there exists an in terpretation I suc h that I satis�es all of elemen ts of S. Because {J i ( x )} � S, then I satis�es

J i ( x ) (1 6 i 6 n). F urthermore, according to the De�nition 4.1, w e kno w I satis�es : C( x ) after the action. F rom

the ab o v e, w e kno w that I satis�es b oth : C( x ) and S, i. e., I satis�es S [ { : C( x )} after the action.
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Exceptional rules :(Used for Step 1)

Condition :

F or an y default rule of the form P( x ):J 1 ( x ), J 2 ( x ),. . . ,J n ( x )/C( x ), there exists J i (x ) (1 6 i 6 n) is con tained in S,but S do esn't

con tain : C( x ).

A ction :

S=S [ { : C( x )}

Strict rules :(Used for Step 2)

u� rule:

Condition :

{(C u D)( x )} � S, but S do esn't con tain b oth C( x ) and D( x ).

A ction :

S=S [ {C( x ), D( x )}

t� rule:

Condition :

{(C t D)( x )} � S but {C( x ),D( x )} \ S= ; .

A ction :

S=S [ {C( x )} or S=S [ {D( x )}

9� rule:

Condition :

{( 9 R.C)( x )} � S, but there is no individual name y suc h that S con tains C( x ) and R( x , y ).

A ction :

S=S [ {C( y ), R( x , y )}

8� rule:

Condition :

{( 8 R.C)( x ), R( x , y )} � S, but S do esn't con tain C( y ).

A ction :

S=S [ {C( y )}

� n-rule:

Condition :

( � nR)(x) S, there do esn't exist individual names y 1 , y 2 , � � � ,y n suc h that R(x,y i ) and y i 6= y j are in S, (1 � i � j � n).

A ction :

S=S [ R(x,y i ) [ y i 6= y j , (1 � i � j � n), where y 1 , � � � , y n are distinct individual names not o ccurring in S.

� n-rule:

Condition :

distinct individual names y 1 , � � � ,y n +1 are con tained in S suc h that ( � nR)(x) and R(x,y 1 ), � � � , R(x,y n +1 ) are in S, and y i 6= y j is

not in S for some i,j,

1 � i � j � n+1.

A ction :

for eac h pair y i and y j , suc h that 1 � i � j � n+1 and yi 6= yj is not in S, the S i;j :=[y i /y j ]S is obtained from S b y replacing eac h

o ccurrence of y i b y y j .

F ul�lled rule : (Used for Step 3)

Condition :

no other transformation rules is applicable, and for an y default rule of the form P( x ):J 1 ( x ), J 2 ( x ), . . . , J n ( x )/C( x ), {P( x )} � S, but

all of the J i ( x ) (1 6 i 6 n) and C( x ) are not con tained in S.

A ction :

S=S [ {C( x )}

Fig. 5.1 . The adapte d T able au rules use d for dete cting default satis�ability of ALCN c onc epts

2) In the third step, the action condition is that {P( x )} � S, S do esn't con tain all of the J i ( x ) (1 6 i 6 n)

and no other transformation rules can b e applied. If the constrain t set S b efore the action is satis�able, then

there exists an in terpretation I suc h that I satis�es all of elemen ts of S. Because {P( x )} � S, then I satis�es

P( x ). F urthermore, w e kno w that I do esn't satisfy an y J i ( x ) (1 6 i 6 n), otherwise, there w ould exist other

exceptional rules whic h can b e applied. Because I satis�es P( x ) b efore the action. So from De�nition 4.1, w e

get I satis�es C( x ). Because I satis�es b oth S and C( x ), w e get I satis�es S [ {C( x )}.

F rom ab o v e pro ofs, w e can conclude that ev ery action in the applied transform rules, in the extension

algorithm, preserv es satis�abilit y .

As men tioned in De�nition 4.4, an EDDT em braces three t yp es of transformation rules: strict information,

ful�lled information and exceptional information. These di�eren t t yp es of information are giv en di�eren t lev els

of priorit y . Here, w e use the sym b ol SR to denote the set of strict facts in an EDDT, FR to denote the set of

ful�lled information and ER to denote the set of exceptional information. Then, based on the EDDT sho wn in

Figure 4.3, w e will get the descriptions of its sets of di�eren t t yp es of information in NNF, where
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Algorithm: c hec king default satis�abilit y of C based on the EDDT

Require : An EDDT whic h em braces SR, FR and ER.

Ensure : the descriptions of SR, FR and ER in NNF.

1. S 0 =C(x), i=1;

2. apply strict rules and transform S 0 in to S i ;

3. for eac h r 2 ER do // Step 1

4. if S i meets the condition of r

5. apply r to S i and result of action: S i +1  S i ;

6. i=i+1;

7. if there exist clashes in S i
8. return �C is satis�able";

9. end if

10. end if

11. end for

12. for eac h r 2 SR do // Step 2

13. if S i meets the condition of r and S i isn't lab eled �Clash"

14. apply r to S i and result of action: S i +1  S i ;

15. i=i+1;

16. if there exist clashes in S i
17. S i is lab eled �Clash";

18. end if

19. end if

20. end for

21. for eac h r 2 FR do // Step 3

22. if S i meets the condition of r and S i isn't lab eled �Clash"

23. apply r to S i and result of action: S i +1  S i ;

24. i=i+1;

25. if there exist clashes in S i
26. S i is lab eled �Clash";

27. end if

28. end if

29. end for

30. if the leaf no des of all p ossible branc hes in the constructed tree-lik e mo del are lab eled �Clash"

31. return �C is satis�able";

32. else return �C is unsatis�able";

33. end if

SR = f: P ARROT t BIRD; : SP ARROW t BIRD;

: P ARROT t F LY ING _ ANIMAL; : GOAT t : SP EAKING _ ANIMAL g

F R = f: BIRD t : SP EAKING _ ANIMAL g

ER = f: P ARROT t SP EAKING _ ANIMAL g:

The subsumption assertions to b e c hec k ed should b e transformed in to their negation description in NNF

according to the theorem [10 ]: A v B is satis�able i� A u : B is unsatis�able, where A and B are concept

descriptions, resp ectiv ely . F or example, the subsumption assertion SP ARROW v : SP EAKING _ ANIMAL
will b e transformed in to the concept description with negation SP ARROW u SEAKING _ ANIMAL . In

the follo wing, w e will describ e particularly the extension algorithm for c hec king default satis�abilit y of a giv en

concept. The default extension algorithm can b e divided in to three steps. In the �rst step, w e apply exceptional

rules to constrain t set b ecause they ha v e the highest priorit y . If exceptional rules can b e used for the detected

concept, strict rules will not b e used. Otherwise, if no exceptional rules can b e used, the strict rules can b e

applied to constrain t set (step 2). The reason wh y w e do lik e this is to a v oid con�icting with some strict

information. Another reason is to sa v e reasoning time. In step three, only in the situation that no other strict

information can b e used, could ful�lled rules b e used. The default extension algorithm either stops b ecause all

actions fail with ob vious con�icts, or it stops without further used rules.

The follo wing example sho wn in Figure 5.2 demonstrates the algorithm with a tree-lik e diagram. W e w an t to

kno w whether the subsumption assertion SP ARROW v : SP EAKING _ ANIMAL is satis�able in the EDDT

sho wn in Figure 4.3. That is to sa y , w e should detect that the concept SP ARROW u SP EAKING _ ANIMAL
is unsatis�able. The concept is �rstly transformed in to constrain set S 0 . Considering the default rule BIRD (x) :
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P ARROT (x)=SP EAKING _ ANIMAL (x) , w e kno w that P ARROT (x) isn't con tained in S 0 , Then, in the

�rst step, the exceptional rule : P ARROT (x) t SP EAKING _ ANIMAL (x) can not b e applied to S 0 . In

the follo wing steps, w e apply strict rules, the reasoning con tin ues un til it stops with ob vious con�icts. Finally ,

the leaf no de of ev ery branc h in this tree-lik e diagram is notated using �Clash" tag. So w e kno w the con-

strain t SP ARROW u SP EAKING _ ANIMAL are not satis�able. That is to sa y , the subsumption assertion

SP ARROW v : SP EAKING _ ANIMAL is satis�able.

S0 = f (SPARROW u SPEAKING _ ANIMAL)( x) g

u

S1 = S0 [ f SPARROW( x); : SPEAKING _ ANIMAL( x)g

: SPARROW t BIRD( x)

S2 = S1 [ f: SPARROW( x)g S2 = S1 [ f BIRD( x)g

//Clash : BIRD( x) t : SPEAKING _ ANIMAL( x)

S3 = S2 [ f BIRD( x)g S3 = S2 [ f: SPEAKING _ ANIMAL( x)g

//Clash //Clash

Fig. 5.2 . Dete cting default satis�ability of c omplex c onc ept

Please note that the extension algorithm can tac kle b oth general subsumption assertions and assertions

ab out exceptional facts. In another example sho wn in Figure 5.3, w e w an t to c hec k whether the subsumption

assertion P ARROT v SP EAKING _ ANIMAL is satis�able, that is to sa y , w e c hec k the default satis�abilit y

of the concept P ARROT (x) u : SP EAKING _ ANIMAL (x) , whic h transformed in to a constrain set. In the

�rst step, when the exceptional rule : P ARROT (x) t SP EAKING _ ANIMAL (x) is applied to constrain t set,

the complete con�icts o ccur. So w e kno w the concept P ARROT (x) u : SP EAKING _ ANIMAL (x) is not

satis�able, whic h means that the subsumption assertion P ARROT v SP EAKING _ ANIMAL is satis�able.

Then reasoning pro cess stops without applying other transformation rules. This can b e serv ed as an example

of reasoning for an exceptional fact.

S0 = f (PARROT u : SPEAKING _ ANIMAL)( x) g

u

S1 = S0 [ f PARROT( x); : SPEAKING _ ANIMAL( x)g

: PARROT t SPEAKING _ ANIMAL( x)

S2 = S1 [ f: PARROT( x)g S2 = S1 [ f SPEAKING _ ANIMAL( x)g

//Clash

Clash

Fig. 5.3 . A n example of dete cting exc eptional fact

In the follo wing, w e giv e a brief of discussion of complexit y issues ab out the default satis�abilit y algorithm.

Theorem 5.3. Default satis�ability of ALCN -c onc ept descriptions is PSP A CE-c omplete.
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Pr o of . F rom [16 ], w e kno w that satis�abilit y of ALCN -concept descriptions is PSP A CE-complete. As

men tioned ab o v e, our default satis�abilit y algorithm for ALCN -concept descriptions can b e divided in to three

steps. In fact, ev ery step is just the satis�abilit y algorithm for ALCN . Then the sequence of the three steps

is also essen tially the satis�abilit y algorithm for ALCN . So w e get the conclusion that default satis�abilit y of

ALCN -concept descriptions is PSP A CE-complete.

6. Related w ork and Discussions. In the description logics comm unit y , a n um b er of approac hes to

extend description logics with default reasoning ha v e b een prop osed. Baader and Hollunder [17 ] in v estigated

the problems ab out op en default in detail and de�ned a preference relation. The approac h is not restricted to

simple normal default. T w o kinds of default rules w ere in tro duced b y Straccia [18 ]. The �rst kind is similar

to the fu�lled rules in our approac h. The second kind of rules allo ws for expressing default information of

�llers of roles. Lam brix [19 ] presen ted a default extension to description logics for use in an in telligen t searc h

engine, Dw ebic. Besides the standard inferences, Lam brix added a new kind of inference to description logic

framew ork to describ e whether an individual b elongs to a concept from a kno wledge base. Calv anese [20 ]

prop osed a formal framew ork to sp ecify the mapping b et w een the global and the lo cal on tologies. Maedc he [21 ]

also prop osed a framew ork for managing and in tegrating m ultiple distributed on tologies. Stuc k ensc hmidt [6]

exploited partial shared on tologies in m ulti-agen t comm unication using an appro ximation approac h of rewriting

concepts. Ho w ev er, default information w as not considered in these di�eren t framew orks and systems. An

imp ortan t feature of our formal framew ork distinguished from other w ork is that our default extension approac h

is based on DDL. T o our b est kno wledge, little w ork has b een done to pa y atten tion to default extension to

DDL for comm unication among agen ts.

There is an alternativ e prop osal for dealing with the problem of the example sho wn in Figure 2.1. F or

example, if the term SP ARR O W instead of BIRD in on tology 1 is mapp ed in to the term

NON_SPEAKING_ANIMAL

in on tology 2, and the term P ARR OT in on tology 1 is not mapp ed in to the term NON_SPEAKING_ANIMAL,

then there is no default information to b e considered. It seems that w e ha v e a v oided the problem of default

information b et w een the t w o on tologies using the in ter-on tology mapping. Ho w ev er, in fact, this approac h is

exhausted and unscalable. If there are a lot of terms b elonging to the sub classes of BIRD to b e added in to

on tology 1, w e ha v e to map ev ery one of these added terms in to NON_SPEAKING_ANIMAL in on tology 2.

In the situation, w e will �nd the alternativ e approac h is m uc h exhausted and unscalable. In con trast to the

alternativ e approac h, our default extension approac h to DDL considers the in ter-on tology mapping e�orts and

the scalabilit y of on tologies used b y di�eren t agen ts as k ey features.

Regarding to the complexit y issue of the prop osed default satis�abilit y algorithm, w e will �nd that the

algorithm increase no more complexit y than satis�abilit y algorithm for ALCN . It means that w e can p erform

reasoning with strict information as w ell as default information in the same time and space complexit y . The

future w ork includes a �exible mec hanism for parsing exc hanged messages among agen ts. A CLs are used to

construct and parse exc hanged messages required b y b oth participan ts. Then, concepts de�ned in D AML+OIL

on tology language can b e readily com bined with the mec hanism, th us increasing the �exibilit y of messages, and

hence accessibilit y and in terop erabilit y of services within op en en vironmen ts.

7. Conclusion. In this pap er, an approac h is prop osed to enables agen ts using di�eren t on tologies on the

W eb to exc hange seman tic information solely relying on in ternally pro vided mapping b et w een the on tologies.

Because of the seman tic heterogeneit y among these on tolgies, it is di�cult for an agen t to understand the

terminology of another agen t. T o get complete and correct seman tic information from m ultiple on tologies used

b y di�eren t agen ts, default information among these on tologies should b e considered. Our approac h is based

on default extension to DDL. The distributed terminological kno wledge base is originally used to presen t strict

information. T o p erform default reasoning based on DDL, strict as w ell as default information is tak en in to

accoun t. Then, all of default information ab o v e is added in to an extended default distributed terminological

kno wledge base (EDDT), whic h is constructed from a default distributed terminological kno wledge base (DDT).

The default T ableau algorithm is used on EDDT where di�eren t rules ha v e di�eren t priorit y: exceptional rules

ha v e the highest priorit y , and ful�lled rules the least. Reasoning with default information pro vides agen ts using

di�eren t on tologies with stronger query capabilit y . In our opinion, a query based on DDT can b oil do wn to

c hec king default satis�abilit y of complex concept in accord with the query .
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Our approac h enables agen ts using di�eren t on tologies on the W eb to exc hange seman tic information solely

relying on in ternally pro vided mapping b et w een the on tologies. But so far, our approac h is considered as a basic

mec hanism for facilitating agen t comm unication. T o apply it in practice, there is still a lot of w ork to b e done

[23 ]. F or example, more sophisticated agen t comm unication proto cols, similar to K QML [22 ] and FIP A [24 ],

ha v e to b e dev elop ed for getting complete and correct information through agen ts. Using the comm unication

proto cols, concepts de�ned in D AML+OIL on tology language can b e readily com bined with the mec hanism,

th us increasing the �exibilit y of messages, and hence accessibilit y and in terop erabilit y of services within op en

en vironmen ts.
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