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ABSTRACT

Semantic Web, envisioned as the next generation of the current Web, is aimed at
providing an automated information access based on machine-processable semantic
metadata of web resources. The explicit representation of such semantic metadata,
accompanied with domain ontologies, will enable a Web that facilitates a qualitatively
new level of services. The success of the Semantic Web would be determined by how
easy and uniform to access to, reason with, and exchange of semantic information
among computers. In this thesis we develop a framework for agent communication of
Semantic Web information. The representation of Semantic Web ontologies, the agent,
and the communication between agents are characterized in meta-logic. One single
agent, understood as a meta-logical system, adopts a demo(.) predicate as its inference
engine and meta-programs, transformed from some Semantic Web ontologies as well as
Semantic Web axioms, as its assumptions. Such an agent can reason with its
assumptions as well as other agents’ assumptions. With this capability, when several
agents are created using our framework, the community of these agents can uniformly
communicate Semantic Web information between each other on the Internet.

The contribution of this thesis is to provide a single approach, for ontology
representation, meta-reasoning, distributed reasoning, and agent communication in a
uniform manner based on meta-logic. With this approach, it allows the framework to be
able to reason with multiple distributed ontologies on the Semantic Web and able to

embrace communication of multi-agents into one single framework.



Acknowledgements

This thesis is the result of two years of work whereby | have been accompanied
and supported by many people. It is a pleasant time that | would like to express my
sincere gratitude and appreciation to all of them.

The first person | would like to give a special thank is my direct supervisor, Asst.
Prof. Dr. Visit Hirankitti, Department of Computer Engineering, King Mongkut's Institute
of Technology Ladkrabang. During two years | have known him as a sympathetic and
principle-centered person. His overly enthusiasm, meticulous and integral view on
research as well as his mission for creating only high quality works, have made a deep
impression on me. | owe him lots of gratitude for his encouragement, guidance,
patience, and kindness. During my study, | have been influenced by his logical view and
scientific methodology on research.

| am very grateful to my supervisor, Prof. Dr. Hidekazu Tsuji, Head of the
Department of Media Technology, Tokai University, for his constructive discussions, and
for his important support throughout this work.

| would like to express my gratitude to people and friends in the Department of
Computer Engineering, especially to lecturers for their lectures and encouragement.

My warm and loving appreciation is due to my family, my friends, and my
colleagues for their continuous support, understanding, and encouragement. | have
been always full of energy for my study in their warm arms.

The financial support of this study for a high quality working environment was
generously funded by the Japan International Cooperation Agency (JICA) under the
ASEAN University Network/ Southeast Asia Engineering Education Development
Network (or AUN/SEED-Net) Project. | would also like to warmly thank the secretariats of
the AUN/SEED-Net project who have always given helpful and kind support.

My gratitude would be incomplete if | would forget to thank people in the Faculty
of Information Technology, Ho Chi Minh City University of Technology for their kind and
essential help, in particular Dr. Quan Thanh Tho, Mr. Tran Quang, Assoc. Prof. Dr. Cao

Hoang Tru, and Ms. Tran Thi Phuc, to name a few.



Finally, | would also like to thank the members of my thesis committee who
monitored my work and took effort in reading and providing me with valuable comments

and suggestions on earlier versions of this thesis.

Vuong Tran Xuan

January 10, 2006
Bangkok, Thailand



Contents

page
THAE ADSITACT. ..o ettt e |
ENglish ADSIraCt. ....coviii s e !
Acknowledgements............c...eets et {1
1070111 (=101 =TT PO \
LiSt Of TADIES. . ittt e X
LISt Of FIQUIES . ..ottt et e re b Xl
Chapter 1 INrOAUCHION.......ccieeie et st s s eaaeans 1
B T 1= 54 (0] o) =T 1 OO 1

1.2 The MOtIVAtION ... et it n et esrees 3

1.3 The ObJEBHIVES .. T g doiteeceee ciame o iane rmT i neessesses Mg Rgeeconessnnssanssansnnasens 5

1.4 The Assumption and SCOPE ..c.cccevriiiviriiiin e 6

1.5 The Research Methodology......ccccviviieriiresiiinenriisiineeine e 7

1.6 The Cantriblition&2 L Ay, .\ o). . e b2 4/.02020L,. KA oA ..., 8

1.6.1 General ContriDUHONS......ccoiivrieriier e et 8

11612, TheSiE ety 2. AQLOIANORON. . g oo ety e g e e 8

Chapter 2 Research Works in Semantic Web.........ccoeiiiniiiiniiiice 11
2.1 Semantic WEb CONCEPLS c.iviiccreieieiriirciiie s eie e ssiiinesssinnne st sbe e sssaesssaee s senes 11

228 W B T i oY [07o7 i o o TN S SO ORI OOt 11

2.1.2 World Wide Web towards Semantic Web ..o, 12

2.1.3 Semantic Web ArchiteCture.......ccccccovinniiiii e 14

2.1.4 Semantic Web and Ontologies....cueeeeriiiecivieeiireereceereee e 18

2.1.5 Semantic Web and LOGIC ......covveeevriiririiiiiniinrenie e 19

2.1.6 Semantic Web and Agent Technology.........cccvevrriireeneinneinciiennne, 21

2.1.7 CONCIUSION .....oviiiitereccreeee st i re e eee s 22

2.1 Previous Works and our Proposed Framework ..........cccvivviinicnniniininnnnnne, 22

2.1.1 INIrOQUCHON ...t 22

2.1.2 Various Approaches for Processing Semantic Web Information......... 23

2.1.3 Logic Programming Approaches for Semantic Web ............ccceeeneens 25



Contents (cont.)

2.1.4 Agent-based Approaches for Semantic Web ... 27
2.1.5 Our Proposal: A Meta-logical Framework for Agent Communication of
Semantic Web Information.........eccie e eiieeeercee et 30

2.8 CONCIUSION 1 eeivtieeeeeeee e et eeeees e ereisseeesesestannsessrnserssnsssenssnsseesessnsesrenins 31

Chapter 3 A Meta-logical Framework for Agent Communication of Semantic Web

[y {05 1 7= o] o Hu OO OO PP 32
3.1 Overview of the MAC-SWI Framework ........ccccoceviiieniiniinniecinninnenennecnen 32
3.2 Various Agents Used in the MAC-SWI Framework ..........ccccecevnvinenininnennn, 33

3.2.1 SY BT OWSEr Tmrm s Joinie e e e ot T Trn e cen e Mg R 0000 bnssmesansannasnas 34
3.2.2fIW Senver i aln ML 7l Lo AL P i vz oo e N oo eesresenneneanes 34
3.2.3 Service AQvertiSing SEIVEL ......ccccccriririiiiniiie e e eiens 34
3.2.4 Name2LoCation SEIVET ....ccccuieetrrevrecsiniisiiieiotrenecsneesissas s sssssessenses 35
3.3 Meta-languages for Semantic Web Ontologies.........c.ccoveieiiiinininnnnnnnn 35
3.4 Meta-programs as Agent's Knowledge........cccvvininenies 36
3.5 Meta-interpreter as Agent's Inference Engine...........coccveiivnniininnnciniinnne 38
3.6 Agent Communication of Semantic Web Information ... 38
3.7 ConCIJSidRx.,... o Sl (3 e ees o AS A Tl g cceneoad ol 39

Chapter 4 Meta-languages for Semantic Web Ontologies ......covvvvvivieenininiiinininniicneee 40
0t N 11 (oo [0 T3 1 1o o [ OSSP 40
4.2 Language Elements of Semantic Web Ontology.........cceevmeeeniieiiniiniiinieennne 41
4.3 Meta-information of Semantic Web Ontologies.......cccecvviimmiiieiiiininiciinnnnnn, 42
4.4 Meta-languages for Semantic Web Ontologies.........cocevvvivivienicnniininnicnnne. 42

4.4.1 Meta-language for Object Information (ML)..........ccceovvviiiinrinninncnne. 43
4.4.2 Meta-language for Meta-information (MML)..........cccccovvviiiiiniiinnnnns 44
4.4.3 Meta-language for Meta-information of SW Ontologies....................... 46
I 0701 o Yol (V11 o o OO PP 46

Vi



Contents (cont.)

page
Chapter 5 Meta-programs of Semantic Web Ontology ..o 47
T B 12170 Yo [0 o] o PO OO PSP PRSPPI PPON 47
5.2 The Meta-program for Object Information (MP) .........cccvvmeiiimiinieiiicininnne 47
5.3 The Meta-program for Meta-information (MMP) .........ccccocomiiiiinininiennes 51
5.4 The Meta-program for the AXioms (AMP) ..o 54
5.5 CONCIUSION ..uvieiieeiieceesieeresercests it sats s s b s s s e sttt n e 57
Chapter 6 Communicative Semantic Web Meta-interpreter..........ccooviiiin, 58
6.1 Introductiong.......... o AN L lolodosmiiinnneree s GG rverereesanssnesscsisncssanas 58
6.2 Vanilla Semantic Web Meta-interpreter ..o 58
6.2.1 Semantic Web Ontologies, Questions, and Answers as Meta-
programs, Queries, and CONCIUSIONS....c.cccvieieieineieniiieeins 59
6.2.2 Vanilla Interpreter.. .. .. it e dynneddadibdue sl Db e 61
6.2.3 Reasoning about Other Agent's Beliefs ... 63
6.2.4 Vanilla Semantic Web Meta-interpreter..........oniiiinn, 63
6.3 Communicative Semantic Web Meta-interpreter...........ooccinnn, 65
6.4 CONCIUSION ....oveiieieiiiesiieseeteesstssiieearensess s sessseesbessn st e s sbns s et st 67
Chapter 7 Agent Communication of Semantic Web Information.......c....ccceevviinnnnnn, 68
7.1 Introduction ... . sl LD b s 68
7.2 Single Semantic Web Agent Architecture ............c.criiinnnn.. 68
7.2.1 Characteristics of Semantic Web Agent .........ooociiiiieiinneninn 68
7.2.2 Architectural COMPONENtS.......ccooviiiiieiiiiiiieenein e e 70
7.2.3 AQENt Life CYCIE .oeeeeeecriiiiriiitee e 71
7.3 Agent COMMUNICALION ......cvvirvivtirmeesieseseserststet st 72
7.3.1 AQent LOCAON.....cociiiiiiiirtee e 72
7.3.2 Agent INterface ......ceeceviiiniiiiii e 73
7.3.3 Agent Communication Language .......ccecevereeenenniiiiiniiiiis 73
7.3.4 Content LanQUaGE ....cvercvveereirerneeisiriiree e seis et sesan st st ser e snenes 74



Contents (cont.)

page
7.3.5 Interaction ProtoCOIS... ..o 75

7.3.6 AQENE ROIES ..ot 75

7.3.7 Agent Communication of Semantic Web Information .............cccoveueeins 77

7.4 CONCIUSION .eveeviiiectiereceestesrese e e s cesbesat s ean et e bs e s e s aa e s s esssaesbn e s s s st essans 79
Chapter 8 The MAC-SWI Framework Compared to Other Related Works....................... 80
8.1 INTOTUCTION ..vevverrereeeeneereenieseeiesrestsere sttt s e e b b e s s et e e s s et e s b et e sneassasis 80

8.2 The Proposal and Other Logic Programming Approaches............... JUSTO 81

8.3 The Proposal and Other Agent-based Approaches .........cccceeeeeeencneennnannen. 86

8.4 The Proposal and Other Approaches Concerned with Multiple Ontologies

and Distributed RaSONING ......coivireveriieririsii i sesiene ettt 89

8.5 CanglusienZd.. Lll Wi [ UL\ el oL e AN 92
Chapter 9 Conclusion........c.ccceevienennne, . LN L revrrrrd LY @SR 93
9.1 Main resURSL,. 22wty . . ML AN -ttt A2 LR A B, 93

0.2 DISCUSSION . .ccvviiereirieieriiteeeetasieesreressimasssnesssanarissnnronsatasesssnsasasasiseessssanssssas 95

0.3 FULUTE WOTKS ..veiiviieeiriieiiiieseesssneesaaeaeaasstsssintosssunssssnnnesssssnnsssesesssssnssnessnsssses 98
12]10][TeTe =T o] 4|7 OO U P OISO ISP PPOPP 101
ADDreviations/GlOSSAIY ....ccvvvii ittt re s e e e e s sa s s st e e s s ena e e sserrenaen 113
Appendix | Implementation of the MAC-SWI Framework ...........ccovvieninieniniiinennne, 115
(1R I T oo (313 i o] I O OO ORI 115

1.2 Development INfrastruCture ......c..cccovviimeeenenincnie e 115

1.3 Ontology Transformation.........cceeeenieiniiniemn e 120

3.1 INStrOAUCHON ceieiierececieren sttt et st 120

1.3.2 Abstract Syntax Representation of MP/MMP Meta-statements .......... 120

1.3.3 Parsing Strategy .....ccccceveirierieiiiiiiiiierenir e 122



Contents (cont.)

page
1.3.4 Packaging Transformation Parser as @ DLL.......c.cococovniiiinnin 124
I.4 Communicative Semantic Web Meta-interpreter........ccovvviiiiiiennicnnes 125
[.4.1 ULility SEIVICES .eovereceiiiiiictii e 125
1.4.2 Interpretation.......occeeeeeriniiiie e 127
1.5 AQENt FramMEWOTK .....veeeeeeiriiiiiiereeritir s sttt 127
1.5.1 Implementation of Agent CharacCteristics ........ccooveeeeiiviiininiiinnnnnn, 128
1.5.2 Agent Life CYCLE ...ocomrriveiiiiiiereeetec e 131
[.5.3 SW BrOWSEN.....oeiiveereerssssesiessessissansesssisnnnesssesnseseessessssssnsssnsssassensisnesness 132
1.5.4 SW SEIVET cnveiueeeeeerieieinesrseseesseastssiasaeesranessssbnssbassassessasensesssessennsnneentes 133
1.5.5 Service AAVertiSiNg SEIVET ......ccccciiiimmemniiie i 135
1.5.6 Name2LocCation SEIVET ........ccocviisreeininriiiinrnssessinsnese e 135
157 NOIMMAl SEIVEIS ..uvivicrianieiitisniisssnesseissasesstssssnr s sissaessnsssessts st ennsnans 136
1.5.8 Interaction Models for Agent Communication.........c...ccvveineniccnnn 137

Appendix || Configuration, Installation, and Deployment of the MAC-SWi Framework . 139

1.1 installaticnd. . L 2 AL LI 7, G Tt e B v emeneennaaen 139
1.2 ConfIgUration.....ccouviiiieeiieine s s e 139
11.3 DEPIOYMENL......iirurieiieririireerieeeierirssns e s e se e assst e st e e bt as 141
Appendix Il Demonstrations for the MAC-SWI FrameworK......cc.ccovviniininiene 142
I.1 Demonstration for Reasoning Capability: Family Ontology........c.cccceeeenee. 142

1.2 Demonstration for Reasoning with Multipie Ontologies: Two Genealogy
Ontologies, Family Ontology, and Cross Ontology ..........cceceovviniiininnnnes freeesres 149

1.3 Demonstration for an E-commerce Scenario: The Bookshop Purchase ...155

Appendix IV Author Biography ... 158



List of Tables
Table

page
3.1 Description of meta-1anguages ... 36
3.2 Description of Meta-programs ... 37
1.1 Some registered namespace abbreviations................ etereeeerreeatereete s s b etesreens 123



List of Figures

Figure page
2.1 World Wide Web towards Semantic Web ..., 13
2.2 Layers of the Semantic Web arChiteCture ..o 14
2.3 AN XML EXAMPIE ..eoureneeeereristititete ettt ss st 15
2.4 Graphic data model of an RDF tripIE ......cooeeviiiiiiiiiiii 16
2.5 AN RDF EXAMPIE...cciiireiiierieeetiiit et a e s s 16
2.6 An RDF SChema @XaMPIE ....cccceveeereeeeriiiieiiiiineieinessie st siais s s ssassssssseens 17
3.1 Multi-agent communication system for the SW..........ccoviiiiiinn. 32
4.1 Language elements of SW ontology for object and meta information .......cccevevennen. M4
5.1 A rule example encoded in SWRL Ianguage .......cocceverinmiinininninininini e 50
5.2 A meta-statement for a SWRL rule eXample .....ccccoviiiiiecii . 50
5.3 An OWL example of equivalent ClaSSes ........ccccerimiininiiiimnines s 51
5.4 Typical meta-statements of the MMP mMeta-program ...........cooeieccninnninen. 54
5.5 Typical axioms of the AMP mMeta-program...........oeevimieiinnesesins i 56
6.1 A fragment of the people ontology eXample..........cccvveeiiin 60
6.2 A query expressed by RQLIaNGUAGE .....coccveeiimiiiiiinii it 60
6.3 A result returned by RQL 12NQUAGE .....cvoviiiiieiiiin it 60
6.4 Ontologies, querying, answers as meta-programs, deduction, conclusions............ 60
6.5 A pure Prolog meta-interpreter.. .. et 61
6.6 Tracing the computation of a pure Prolog meta-interpreter ... 62
6.7 A multi-theories Meta-INtErPreter......ccciiiiiir st 62
6.8 Vanilla Semantic Web Meta-interpreter.....cco e, 64
6.9 Retrieving clause for Communicative SW Meta-interpreter...........coeneinciincne. 65
6.10 Agent connecting clauses for Communicative SW Meta-interpreter ...................... 66
7.1 Sing SW agent arChiteCtUre........cvuiiiieeieiiniee it 70
7.2 A KQML message example for @ QUETY .....cvertieminiiiiniiiiiiss s 74
7.3 Multi-agent communication of Semantic Web Information ... 77
I.1 Abstract syntax representation of MP meta-statements..........ooenicinininene. 121
1.2 Abstract syntax representation of MMP meta-statements..........c.coooriiniiennns 122
1.3 A KQML MeSSage EXAMPIE ..c.cvciiiiiiiiiiriieneeiere it 127



List of Figures (cont.)

Figure page
1.4 Prolog structures of 2 KQML MESSAGE ...coveervevreniiiiiiiniiiiiie 127
1.5 Agent event handler for registration of an SW Server.........covviiiiennnnnn, 129
1.6 Agent event handler for registration of a service advertising server...............c....... 129
1.7 Agent event handler for building knowledge of an SW server ... 131
1.8 SW browser agent interface .........oviveieiniinintnserestti s 133
1.9 SW server agent interface ... 134
1.10 Service advertising server agent interface ..., 135
1.11 Name2Location server agent interface....cccumurririeenniieciicni e, 136
1.12 SW agent COMMUNICAtION .........coviiiieniinrieses ettt e 137
1.13 Interaction model of SW agent communiCation..........oeveiiieeiieiieie, 138
1.1 An OWL fragment of the family ONOIOGY ....eereermiuriirmmiessesersesissr st 145
1.2 The property relationships of the family ontology (1)....ccveviiicnenc i, 145
1.3 The property relationships of the family ontology (2).......cveievriniveciriiiennnninancn, 146
1.4 The class hierarchy of the family ontology......cccvrvieiinenniiis 147
1.5 MP program of the family ontology ......c..ecvieemermnmmmiiii e 148
1.6 MMP program of the family ontology .....ccccoreininiiimniiiii s 148
1.7 Query answering with the family ontology ........cccocoimimi s 149
11.8 Multiple ontologies query answering demonstration ..., 149
1.9 An OWL fragment of the Bbn ontology . ... 150
11.10 An OWL fragment of the Drc ontology ........eceeveeieecmiiisiinnneniiiieeccene 152
11.11 MMP and MP programs of multiple ontologies demonstration ..........cc..ceevvue. 154
l11.12 Query answering with muitiple ontologies demonstration............ccococieiiiinne. 155
11.13 Bookshop purchase demonstration ..o 155
l1.14 MMP and MP programs of the Bookshop purchase demonstration.................... 157
I11.115 Query answering with the Bookshop purchase demonstration..............c.coceeuenis 157

X



Chapter 1

Introduction

1.1 The Problem

Over the last decade the World Wide Web (or briefly “WWW") has gained
astonished success. The exponential growth in the number of web pages makes it
become an information resource with virtually unlimited potential. However its potential
has not opened up to the full extent because of the limitations of the current web
technologies which are almost suitable for human interpretation of information. This
leads to an effort of developing the next generation of the WWW which is called
“Semantic Web” (or briefly “SW"). The SW is aimed at making web resources more
accessible and processible to automated processes by adding semantic annotations—
metadata that is used to describe web contents. In the SW ontologies play a crucial role
in enabling web-based knowledge processing, sharing, and reuse between
applications. Generally defined as shared formal conceptualizations of particular
domains, ontologies provide a common understanding of those domains that can be
used to facilitate communication between people and applications. Similarly to the
current Web where web contents are distributed and linked web pages, the SW would
contain multiple distributed but linked ontologies. Different companies, organizations,
institutions, etc. would produce their information contained in those ontologies. A vast
and growing amount of ontologies will be available on the Web and these ontologies can
be then processed by intelligent software tools. Integration of different information
sources defined in multiple distributed ontologies leads to the following potential

problems that need to be concerned.

8 Ontology representation

Some SW languages like Resource Description Framework (or briefly “RDF")
[Lassila & Swick, 1999], RDF Schema [Brickley & Guha, 2004], and Web Ontology
Language (or briefly “OWL") [Miller & Hendler, 2004] have a well-defined syntax and

semantics and ontologies encoded in these languages are suitable for interchange



between applications on the Web. However we need to map an ontology from its original
form, e.g. defined in XML-based syntax of RDF, RDF Schema, and OWL, to a known
logical formalism and to use some reasoning mechanisms for that formalism to be able

to process information of the ontology.

® Ontology processing

Basing on information defined in ontologies we can exploit explicit as well as
implicit knowledge from these ontologies. This means that we can describe explicitly
information of some parts of a domain in some ontologies. Given these ontologies and
inference rules we then can derive implicit knowledge by using some inference
mechanisms. Therefore in order to process ontologies, not just querying functions but

also reasoning mechanisms must be applied for software systems.

® Multiple ontologies

It is not always possible to create an ontology which includes all necessary
information. Instead that information is usually scattered via various ontologies. An
application must have ability of concerning with multiple ontologies. There are many
problems related to multiple ontologies such as ontology aligning, versioning, mapping,
etc. which have been researched in many literatures. Regard to the multiple ontologies
problem, this thesis concentrates on reasoning with multiple ontologies. That is how to

extract, integrate, and reason with information from different sources of ontologies.

® Distributed ontologies

As in the current Web where we often need to combine information from several
web pages that are distributed over the Internet, in the SW applications may also have
to work with distributed ontologies. An application may retrieve necessary ontologies
from the Web and then process them locally. This approach is simple and easy to be
implemented but may be not applicable in many cases where large-scale sources of
information are needed. A promising alterative is to build reasoning services working on
each source of ontologies and these services can co-operate each other in a distributed

reasoning manner in order to process multiple distributed ontologies.



We focus on above problems and in this thesis we propose a meta-logical
framework for agent communication of SW information (described in SW ontologies).

The framework can work with multiple distributed ontologies in an agent-based manner.

1.2 The Motivation

We realize that there are relatively close relations among three fields: Semantic
Web, logic programming, and agent technology. These fields motivated the existence of
this thesis. And the research work on this thesis suggests that logic programming and
agent technology are suitable and applicable to develop applications which are used for

processing SW information in the SW.

® Web ontology languages and logic

Ontology has been an essential part of the SW as it is used to describe a domain
of discourse. SW resources are described by ontology-based metadata formulated in
several XML-based markup languages. For instance, RDF provides a basic data
modeling in the form of subject-predicate-object triples to make sentences describing
web resources, and RDFS, OWL, DARPA Agent Markup Language and Ontology
Inference Language (or briefly "DAML+OIL") [Horrocks, 2002] are used to define
classes, instances, properties, and their relationships for those resources. The
development of these languages has been influenced by different concepts such as
semantic structures and frame representations, object-oriented approaches, Description
Logic (or briefly “DL"), and first-order logic (or briefly “FOL").

RDF can be seen as a language of first order predicate logic, with resources
being subjects, properties being predicates and property values either being subjects
or constants [Peer, 2002]. In addition, a graph representation of RDF data model can be
understood as a semantic network (or briefly “SN") [Shuklia, 2003]. SN is a knowledge
representation schema involving nodes and links (arcs) between nodes. The nodes
represent objects or concepts and the links represent relations between nodes. In RDF
graph model, each RDF triple is represented as a node-arc-node link in which the nodes

are subjects and objects and the arcs are properties.



A particular use of semantic networks is to represent logical descriptions.
Conceptual Graph (or briefly “CG") is a kind of SN related to the Existential Graphs of
Peirce. The aim of using CG is to describe concepts and their relations in a way that is
both close to human language and formal, in order to provide a readable but formal
design and specification language. Basically, a CG is a bipartite graph containing two
kinds of nodes, called concepts and conceptual relations, respectively. Arcs link
concepts to conceptual relations, and each arc is said to belong to a conceptual
relation. Therefore the RDF graph model also relates to CG concept [Corby et al., 2000].

An object-oriented approach also has an influence on the design of OIL [Fensel
et al., 2001], a part of the DAML+OIL language from which OWL was derived. In
addition, both DAML+OIL and OWL are developed based on DL, especially OWL DL, a

sub-language of OWL, is designed to support DL which is a subset of the FOL.

® SW and logic programming

SW languages and logic programming languages are similar in that they are
both declarative. In logic programming, a domain of discourse is described in terms of
objects and their relationships together with rules for deduction. In the SW, just some
parts of information of resources are explicitly described. Given some ontologies and
rules, implicit knowledge can be derived by using an inference engine. Hence, a logical
system should be used for this purpose. Furthermore, as mentioned above, onfology
languages like DAML+OIL and OWL are heavily influenced by DL. To exploit this feature
of SW languages a mapping—with some restrictions—from DL ontology to a Horn-

clause program was proposed in [Grosof & Horrocks, 2003].

® SW and agent technology

The SW provides an environment where information is structured in an explicit
machine-processable way and is distributed over the Internet. The goal is to facilitate
resources discovery, intelligent searching, information integration, electronic commerce,
etc. With such environment we need an efficient paradigm for developing intelligent

software tools which are capable of processing SW information automatically.



Agent technology has been investigated for years and has gained significant
success in many fields like grid computing, artificial intelligence, scheduling and
planning, online and parallel algorithms, etc. This technology can be efficiently used for
information processing systems that are distributed, large, open, and heterogeneous.

Therefore, agent technology is a promising key approach in realizing the SW
vision, enabling more flexible and independent interaction between applications. The
SW can be seen as a cyberspace for software agents of different kinds, goals, and
architectures. Such agents must efficiently realize the goals delegated to them by their
users. In order to achieve that they must perceive the external environment, interact with
other agents and users. In an open environment like the SW it is often impossible for a
single agent performing efficiently its tasks without co-operating with other agents.
Sophisticated agent interaction mechanisms and services are needed. It seems that the
process automation needed in the SW makes the development of agent systems
feasible and promising.

Because of their promising features for the SW, unify SW technology, logic
programming, and agent technology into a single framework. In order to do that, in this

thesis we apply meta-logic to characterize and develop our framework.

1.3 The Objectives
The overall purpose of this thesis is to develop a meta-logical framework for
agent communication of SW information that unifies SW technology, logic programming,
and agent technology. In more details, we summarize concrete objectives as follows.
® To find an efficient method for representation of SW ontologies which
distinguishes various meta-levels of knowledge represented in ontologies.
® To develop a meta-interpreter as inference engine for SW information
processing system. Such meta-interpreter can reason with its ontologies as
well as with others’ ontologies and communicate with external systems.
® To characterize and develop a framework for SW agents.
® To facilitate communication of SW information among SW agents.

® To reason with multiple distributed ontologies.



® To develop and demonstrate a software system which is implemented for our

meta-logical framework.

1.4 The Assumption and Scope

Firstly our framework supports ontology languages like RDF, RDF Schema,
OWL, and Semantic Web Rule Language (or briefly “SWRL") [Horrocks et al., 2004].

Secondly, there are various problems concerning with multiple ontologies like
ontology aligning, ontology versioning, etc. Different organizations create domain-
specific ontologies capturing specific aspects of their knowledge. Special mapping
ontologies are created to link different concepts used in those ontologies, creating
bridges between separated pieces of knowledge. These bridges are then used to
perform cross ontology information search and retrieval from the ontologies. Various
techniques are developed to cope with these problems which will be reviewed in
chapter 2. In this thesis we concentrate on the problem of reasoning with multiple
distributed ontologies rather than creation, maintenance or mapping of ontologies. With
this assumption the system will not focus on consistency checking, version checking
which should be done in the process of creating or maintaining ontologies instead.
Exploitation and combination of information from multiple distributed ontologies is the
main task of our agent-based system. Various agents will co-operate and exchange their
information reasoned from multiple ontologies to perform user’s tasks or queries.

Thirdly, to be able to build a distributed reasoning system, besides the ability of
reasoning with multiple ontologies we also focus on agent communication so that each
agent can work autonomously as well as communicate with other agents for exchanging
their information. An agent in our system has important characteristics for that purpose
like autonomy, reactivity, pro-activity, social ability. Some other properties like mobility
have not been exploited. Besides the agent architecture is partly based on the Beliefs,
Desires, and Intentions (or briefly “BDI") model. For agent communication, Knowledge
Query and Manipulation Language (or briefly “KQML") is used as a (':ommunication
language while OWL and Prolog are used as content languages.

Finally, fundamentally, in this thesis we regard SW ontology representation,

ontology reasoning, and agent communication as meta-logical formalism.



1.5 The Research Methodology

® [nvestigating methods for knowledge representation of ontologies

There are relations between SW languages like RDF, RDF Schema, OWL and
knowledge representation. We analyze RDF data model, RDF Schema, and OWL
languages in order to find a way of representing information defined in an SW ontology
in terms of logical statements. Such logical representation must have a formal syntax

and semantics as well as facilitate reasoning ability of our system.

® Specifying language elements of an SW ontology

Basic elements of an ontology are considered so that we can define and
separate ontology information into different meta-levels. Basing on this analysis meta-
languages are designed to express information at corresponding meta-levels.

Vocabulary, syntax, and semantics of these meta-languages will be clearly defined.

® Working with multiple distributed ontologies

A study on existing approaches in the knowledge representation field for
representing and reasoning with multiple theories is performed. Similarly to the
knowledge representation field, in our system ontologies are treated as different theories
and pieces of information in an ontology will be stored along with their ontology name.
This helps a reasoning system know which sources of ontologies are used to infer a
conclusion. Ontology reasoning axioms are also considered to build a common

knowledge that can be applied for reasoning systems working with SW ontologies.

® Proposing an approach for semantic integration

To integrate information defined in various ontologies we must define
connections between them. Basing on these links a reasoning system can extract and

combine information over various sources of information.

® Developing a meta-interpreter tc reason with SW ontologies
Various problems related to reasoning with multiple ontologies are considered.

The meta-interpreter must have ability of reasoning with its ontologies, extracting and



combining information from various sources, retrieving SW ontologies from the Internet

as well as communicating information with each other.

® Developing agent communication of SW information

Agent techniques such as agent communication language, content language,
interaction protocols, etc. will be considered. They are adapted and integrated into our
meta-interpreter, which can be seen as an agent's inference engine, so that an agent

developed by our framework can cooperate and exchange their information on the Web.

1.6 The Contributions
In this section we first present general contributions are made in this thesis. We
then summarize the content of each chapter; therefore provide an overall view of the

whole thesis.

1.6.1 General Contributions

® The main contribution of this thesis is to provide a single approach, for
ontology representation, meta-reasoning, distributed reasoning, and agent
communication in a uniform manner based on meta-logic.

® Various meta-languages based on meta-logic are designed to represent SW
ontologies in terms of logical statements which enable the development of an
efficient reasoning mechanism.

® A meta-interpreter is developed to reason and exchange SW information
defined in SW ontologies.

® Our meta-logical system is capable of working and reasoning with multiple
distributed ontologies.

® SW agents are characterized and developed in order to utlize and

communicate SW information in a multi-agent framework.

1.6.2 Thesis Overview



® Chapter 2 Research Works in Semantic Web

This chapter first introduces the motivation and the vision of the SW, discusses
concepts and technologies related to the SW like logic, logic programming, ontology,
and agent technology. These concepts and technologies form the foundation of the
approach in this thesis. The chapter then briefly surveys previous works concerned with
various approaches for processing SW information, with approaches related to logic
programming and agent technology. It suggests the need of a unified meta-logical

framework based on meta-logic and agent technology for manipulating SW information.

® Chapter 3 A Meta-logical Framework for Agent Communication of Semantic
Web Information
This chapter presents the overview of our meta-logical framework based on
agent communication. The roles of various agents used in the system are briefly
explained. The chapter then introduces meta-languages defined for expressing SW
ontologies in terms of meta-programs which can be seen as an agent's knowledge
base. The meta-interpreter is described as an agent's inference engine. The chapter
also explains how various agents in the system can co-operate and communicate each

other in order to form the agent communication of SW information.

® Chapter 4 Meta-languages for Semantic Web Ontologies

This chapter first analyzes language elements and meta-information of SW
ontologies. Basing on this analysis we describe the design of various meta-languages
that are built for expressing information of SW ontologies at different meta-levels. They
include a meta-language for object information, a meta-language for meta-information,
and a meta-language for meta-information related to multiple SW ontologies. The
vocabulary, syntax, and semantics of these meta-languages are clearly discussed and

defined.

® Chapter 5 Meta-programs of Semantic Web Ontology
This chapter shows how to express and represent information defined in SW

ontologies in terms of meta-programs by using our meta-languages described in the
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chapter 4. Logical representation of object information forms the meta-program for
object information while logical representation of meta-information forms the meta-
program for meta-information. Another meta-program containing inference axioms that

are required for reasoning with SW ontologies is also presented.

® Chapter 6 Communicative Semantic Web Meta-interpreter

This chapter concerns with the design and development of a meta-interpreter
which can reason with meta-programs transformed from SW ontologies, retrieve SW
ontologies from the Internet, and communicate with other systems. The meta-interpreter
is developed by adapting and extending the Vanilla interpreter, a well-known interpreter

in logic programming field, is used to manipulate object programs.

® Chapter 7 Agent Communication of Semantic Web Information

This chapter first describes a single SW agent architecture with agent
characteristics, architectural components, and agent life cycle. After that the chapter will
discuss various aspects related to the development of agent communication of SW
information, including agent location, agent interface, agent communication language,

content language, interaction protocols, and agent roles.

® Chapter 8 The MAC-SWI Framework Compared to Other Related Works
This chapter gives comparison between the work of the thesis and other related
works such as those concerned with logic programming, agent technology, multiple

ontologies, and distributed reasoning for processing SW information.

® Chapter 9 Conclusion

This chapter presents main results achieved in the thesis, discusses some close
related fields like SW services and application domains for information retrieval, digital
library, distributed scheduling, electronic commerce, etc. that can benefit our
framework. The chapter also suggests what might be further study to extend the work in

this thesis to address issues like proof, trust, security, etc.



Chapter 2

Research Works in Semantic Web

In this chapter we will present a brief introduction of related fields in Semantic
Web, like the WWW, ontology, logic, logic programming, and agent technology. These
concepts form the basic background for the research in this thesis. We next consider

previous works which are related to our research before we introduce our proposal.

2.1 Semantic Web Concepts

2.1.1 Introduction

The invention of the WWW has significantly changed the way human exchanging
information around the world. The WWW has an impressive success, in terms of both its
available information and the continuing rapid growth of its human users. This makes the
WWW become an important part of our everyday life. Companies, organizations, and
people use the WWW as a powerful medium to exploit and share their information.
Companies may advertise and sell their products on websites. Educational institutes
offer teaching materials and online training services. Anyone can search, exchange
information published on the Web. The success of the WWW is mainly based on its
simplicity which provides software developers, information providers, and users an easy
way to create and to access to new media. Unfortunately, the popularity of the WWW
leads to an exponential growth in the number of web pages. This makes it difficult for
human users finding and accessing the desired information. To cope with the enormous
quantity of data, we need to hand off portions of these tasks to computers. In order to
help softwares understand and process automatically information for assisting users
complete necessary tasks, information must be given in a well-defined meaning format.
This forms the vision of the Semantic Web, the next generation of the WWW. In the SW
the meaning of information on a web page is formalized by using semantic metadata
which is based on concepts defined in ontologies. In this thesis we consider that an
ontology includes both concepts of a domain and information describing its individuals.

Therefore similarly to the current web where web pages are distributed and linked
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together, the content of the SW would be distributed but linked ontologies. This is a
meaningful space where software agents can be used to autonomously perform desired
tasks on behalf of human users. Such agents can scour the Internet to find necessary
information that can answer the questions posed by their owners. Besides that to obtain
the SW's vision two major tasks needed to be studied are representation and
interpretation of web contents. Both these works have been influenced by various
concepts including notations of various logics.

In the following sections we will consider the motivation behind the move from
the WWW to the SW, the definition of SW architecture, important concepts which support
for the development of the approach in this thesis such as ontology, logic, logic

programming, and agent technology.

2.1.2 World Wide Web towards Semantic Web

In the current Web most of its contents are suitable for human consumption
involving activities like seeking and making use of information, receiving catalogs of
online stores, filling out forms for ordering products, etc. Such activities are tedious and
should be supported by computers and various software technologies have been
developed to assist human users to collect necessary information from huge sources on
the Internet. At present finding information on web pages is heavily based on syntax-
and text-oriented search. This means that tools like search engines often find headers,
keywords, and other tags within a document to specify relevant information and return
results to a user. The user then needs to manually find and select his desired information
in those search results which often contain a huge amount of irrelevant documents and
may miss the relevant materials.

The current Web is mainly based on the use of Hypertext Markup Language (or
briefly “HTML") to encode, exchange, and display web contents over the Internet. And
HTML documents provide software tools, mainly Web browsers, with a set of instructions
to render and present their information.

HTML was simply designed for representation of web page contents so the
semantics of these contents is not accessible for software tools. On the one hand,

HTML's simplicity has helped spur the Web's fast growth. On the other, its simplicity
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seriously has hampered more advanced web applications in many domains and for
many tasks. This led to the creation of Extensible Markup Language (or briefly “XML")
which allows users define arbitrary domain and task-specific extensions for information
contents. However XML and related techniques provide just a surface syntax for

structured documents but impose no semantic constraints on the meaning of contents.

Current Web Semantic Web
Figure.2.1 World Wide Web towards Semantic Web

The rapid growth in both number of users and amount of information as well as
the limitations of current web_technologies motivate the development of the SW which
has evolved from the WWW. In general the aim of the SW is to allow much more
advanced knowledge based applications that can benefit SW technologies. More
concretely, in the Semantic Web,

® |nformation will be organized in conceptual spaces according to its meaning.

® Automated tools will be developed to support creating, maintaining, and

extracting explicit and implicit information.

® Traditional keyword-based search will be replaced by query answering

mechanisms and desired knowledge will be retrieved, extracted, and
presented in a human-friendly way.

® |nformation is coilected and combined over severai sources of documents.
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To be able to obtain the vision of the SW in which information can be shared and
reused across application, enterprise, and community boundaries, the semantics of
information must be accessible to computers. Figure.2.1 illustrates the vision of the SW
where we can build software agents that capable of automatically working with SW
ontologies in order to reduce human'’s effort for interpreting web contents.

In the next section we will consider the infrastructure of SW technology for
embedding semantics of information on web pages by annotating web contents with

semantic metadata.

2.1.3 Semantic Web Architecture

The development of the SW proceeds in steps, each step building a layer on top
of another. Basically, there are seven layers on the architecture of the SW, the upper
layer will use and extend the lower one. Figure.2.2 depicts this architecture and we will

explain the role as well as the relationships between these layers in the following parts.

Layer 2

Layer 1 Unicode

Figure.2.2 Layers of the Semantic Web architecture

® |ayer 1: Unicode and URI (URL, URN)

Here, URI stands for Uniform Resource Indicator, URL stands for Uniform
Resource Locator, and URN stands for Uniform Resource Name. We can say that URL

and URN are subsets of URI because a URI indicates anything in the world as a
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resource, not just in the Internet. However, a URL indicates a resource that can be
accessed from the Internet while a URN indicates a name of a resource that must
remain unique even though the resource is not still available.

Unicode is a universal code that is a set of characters of all major languages in
the world. It is introduced three formats for encoding Unicode characters; they are UTF-

8 (1 byte), UTF-16 (2 bytes) and UTF-32 (4 bytes).

® |ayer 2: XML, Namespaces and XML Schema

XML is a subset of the Standard Generalization Mark-up Language (or briefly
“SGML"). A markup language is a language which is used for adding more information
to an existing document; this information is often separated from the original one.
Applications will use this*}narkup information to process data. A web service may use
XML tags to process messages encoded in XML and passed between applications.

For example, to express that Tim Berners-Lee is the creator of the website

http://www.rdf.org we can encode this information in XML as follows.

Figure.2.3 An XML example

Or we can encode above sentence in another way as following:

<website url="http://www.rdf.org”
creator="Tim Berners-Lee”>

</website>
A namespace is a reference to a definition by XML that is unique and universal.

Namespaces are used to resolve the problem of two definitions having the same name.



16

XML Schema offers a significantly richer language for defining the structure of

XML documents and its syntax is based on XML itself.

® | ayer 3: RDF and RDF Schema

RDF is a language and actually is an application of XML. It is used to describe
information of web resources. There are three syntaxes for RDF language: XML-syntax,
Notation 3 and N-triples. Any resource can be described by RDF statements in terms of
subject - predicate — object triples.

With the previous example, we can describe the sentence with an RDF graph

model as in illustrated in Figure.2.4.

RDF statement

Su Bject Predicate Object

Figure.2.4 Graphic data model of an RDF triple

Or it can be expressed by XML-based syntax in Figure.2.5.

Figure.2.5 An RDF example

Here we use two namespace, the first xmlns:rdf="http://www.w3.0rg/

1999/02/22-rdf-syntax-ns#” refers to the document described by RDF syntax
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and the second xmlns:dc="http://purl.org/DC/” refers to a basic ontology
about authors and publications of Dublin Core.

RDF is used for just the main purpose of describing resources. However RDF
does not provide any assumption about the relationships between these resources.
Therefore RDF Schema will provide primitives for expressing the information about
semantics of concepts and their relationships in a domain.

For example, to describe information and relationship between Man and Human
in that Human is a Class and Man is a sub class of Human, we can use RDF Schema

primitives rdfs:Class and rdfs:subClassOf as following:

<rdf RDF

))_[_Zur‘rd

</rdf:RDF>

Flgure 2 6 An RDF Schema example

® | ayer 4: Ontology
An ontology defines a common vocabulary for sharing and reuse information in a
domain. It includes machine-interpretable definitions of concepts in the domain and
relationships among them.
Some main purposes of creating an ontology are:
®  Sharing a common understanding of the structure of information among
people and/or software agents.
®  Enabling reuse of domain knowledge.
B Making domain assumptions explicitly.

®  Analyzing domain knowledge, etc.

466438
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RDF Schema provides just some basic notations for defining ontologies. OWL is
a web ontology language which includes three subsets OWL Lite, OWL DL, and OWL
Full. The latter bases on the former and provides more powerful expression than the

former. More details about ontology are given in section 2.1.4.

® |ayer 5: Logic
The logic layer allows defining rules that enable inferences, e.g. rules are

defined to choose a course of actions and to answer questions.

® [ayer 6, 7: Proof & Trust

The proof layer is required to provide explanations about the answers given by
automated agents that consume the provided information. This requires the translation
of an agent's internal reasoning process into a unifying proof representation language.

Proof and trust mechanisms are still under research and development.

2.1.4 Semantic Web and Ontologies

Researchers in artificial intelligence (or briefly “Al") field first developed
ontologies to facilitate knowledge sharing and reuse. Since the beginning of the 1990s,
ontologies have become a popular research topic, and several Al research
communities—including knowledge engineering, natural language processing, and
knowledge representation—have investigated them. More recently, the notion of
ontology is becoming widespread in fields such as intelligent information integration,
cooperative information systems, information retrieval, electronic commerce, and
knowledge management. Ontologies are becoming popular largely because of what
they promise: a shared and common understanding that reaches across people and
application systems. Many definitions of ontologies have surfaced in the last decade,
but the one that is best to characterize ontology's essence is this: "An ontology is a
formal, explicit specification of a shared conceptualization”. In this definition,
conceplualization refers to an abstract model of some phenomenon in the world that
identifies relevant concepts of that phenomenon. Explicit means that the type of

concepts used and the constraints on their use are explicitly defined. Formal means that
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the ontology should be machine-understandable. Different degrees of formality are
possible. And shared reflects the notion that an ontology captires consensual
knowledge—that is, it is not restricted to some individuals but is accepted by a group.

In the SW ontology plays a crucial role in enabling web-based knowledge
processing, sharing, and reuse across various applications. Ontologies serve as
metadata schemas, providing a controllgd vocabulary of concepts, each with explicitly
defined and machine-processable semantics. By defining shared and common domain
theories, ontologies help people and computers to communicate concisely—supporting
semantic exchange, not just syntax interoperability.

Given an ontology of a domain, information about resources of that domain is
linked to concepts and relationships in the ontology. With defined rules, software tools
can be developed to gather, process, and exchange information from web resources.
Besides that links between ontologies enable knowledge reuse in the sense that an
ontology needs not redefine a concept existed in another. Multiple distributed ontologies
represent a distributed knowledge base on the Web and they promote common
understanding of concepts and resolve ambiguity resulting from similar terminologies.

We now consider some typical examples of using ontologies in the SW. First
ontologies can be used in e-commerce to enable machine-based communication
between buyers and sellers, or enable description reuse between different
marketplaces. Search engines can also use ontologies to support finding web pages

with some words that may be syntactically different but semantically similar.

2.1.5 Semantic Web and Logic

In this section we analyze some typical languages that are based on logic for
expressing and specifying ontologies. Basing on such analysis we will realize the
important role of logic in the SW.

Logic-based languages express a domain specific ontology in terms of classes
of objects as well as relevant relationships holding among such classes. These kinds of
languages have formal well-defined semantics which are given via interpretations. An
interpretation is a tuple (Ul, *I), where Ul is the domain of the interpretation and *1 is a

function that gives to all objects or combinations of objects and relationships, a meaning



20

in the domain Ul. Given an ontology expressed in a logic-based language, a model is an
interpretation that gives the ontology a meaning being consistent with respect to the
domain Ul. An ontology in such languages describes objects and relationships that
have to exist and hold consistent meaning in all its possible models.

We will present languages based on first-order predicate logic. And then we

discuss ontology languages based on Description Logics.

® An ontology language based on first-order predicate logic
For this kind of languages we consider the Knowledge Interchange Format (or
briefly “KIF") language. An ontology in KIF is described in terms of constants,
predicates.'functions. KIF provides an important extension of first-order logic, by
allowing the reification of formulas as terms used in other formulas. Therefore KIF allows
meta-level statements. More in details, a knowledge base in KIF consists of a set of
forms, where a form is either a sentence, or a rule, or a definition.
® A sentence, which may be quantified universally or existentially, can be a
logical constant, an equation, an inequality, a relation constant
associated to an arbitrary number of arguments, or a combination of
sentences by means of classic logical operators (negation, conjunction,
disjunction, implication, and equivalence).
® A definition can be viewed as shorthand for the sentences in the content
of the definition, allowing to state sentences that are true by definition.
® A rule, that is called forward or reverse depending on the particular

operator involved, can be monotonic or non-monotonic.

® An ontology language based on Description Logics

Description Logics (or briefly “DLs") are a family of logic-based knowledge
representation formalisms designed to represent and reason about knowledge of an
application domain in a structured and well-understood way. The basic notions in DLs
are concepts and roles, which denote sets of objects and binary relations, respectively.
Complex concept expressions and role expressions are formed by starting from a set of

atomic concepts and atomic roles. Thus, a specific DL language is mainly characterized
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by constructors it provides to form such complex concepts and roles. DLs differ from
their predecessors, such as semantic networks and frames, in that they are equipped
with a formal, logic-based semantics. Such well-defined semantics and implemented
powerful reasoning tools make DLs ideal candidates for ontology languages.

Some languages based on DLs are the language ALC, AL-Log, Carin, PSL,
OWL, etc. More information about these languages can be found in the report by

[Lenzerini et al., 2003].

2.1.6 Semantic Web and Agent Technology

Agent technology has been investigated for years. This technology has the
potential to greatly impact our lives and work, and application areas where they can play
a crucial role include e-commerce, grid computing, Semantic Web, etc.

From the user's perspective, a software agent is a program that is capable of
assisting people and acting on their behalf. Typical properties associated with agents
include autonomy, pro-activity, reactivity, and sociality. However depending on specific
applications agents may come in different types and operate in various settings.

From a system perspective, an agent is a software object that,
® |s situated within an execution environment

® Possesses the following mandatory properties:
®  Reactive. senses changes in the environment and acts according to
those changes
®  Autonomous: has control over its own actions
®  Goal-driven: is proactive
B Temporally continuous: is continuously executing
® Probably possess any of the following orthogonal properties:
B Communicative: able to communicate with other agents
B Mobile: can travel from one host to another
® | earning: adapts in accordance with previous experience
B  Believable: appears believable to the end user
By creating an environment like the SW where information is described explicitly

in a machine-processable format, agent technology can contribute and promote their



22

potential ability. And the real power of the SW will be realized when ontology-annotated
information is available and software agents are built to collect web contents from
diverse sources, process information, and exchange results with each other. The SW,
which integrates logical inference, knowledge representation, and intelligent software
agent technologies, introduces the notion of SW agents. Such SW agents will receive
some tasks from a user, seek information from web sources, communicate with other
agents and systems, combine selected information and present answers to its user. SW
agents may not replace totally the role of human user on the SW but they can perform
complex tasks and assist to reduce human effort.

From our view, SW agents should make use of the following technologies.

® Metadata and annotations are used to describe information of web resources
by using SW languages.

® Ontologies are used to assist in web searches, to “interpret retrieved
information, and to communicate with other agents.

® |ogic is used for representing and processing retrieved information as well

as for reasoning in order to draw conclusions.

2.1.7 Conclusion

We have given the reasons motivating the move from current Web to its next
generation—the SW—and described the vision of the SW. Essential, important concepts
and technologies such as ontology, logic, logic programming, and agent technology are

also introduced. They basically motivate the research work in this thesis.

2.2 Previous Works and our Proposed Framework

2.2.1 Introduction

A wide range of SW languages like RDF, RDF Schema, DAML+OIL, and OWL
have been proposed. In addition, a number of independent tools and APIs such as RDF
parsers, OWL parsers, ontology editors, etc. that implement these technologies have
been developed. These tools are used to help us build and maintain ontologies by using
SW languages. In the SW applications often require multiple distributed ontologies for

querying and reasoning with them. Many works with different approaches have been



23

proposed for processing information of SW ontologies. In the following sections we will
consider various approaches related to object orientation, description logic, logic
programming, and agent technology for handling ontologies. Shortcomings and gaps of
these approaches will be discussed and basing on this analysis we then introduce our

proposed framework in this thesis.

2.2.2 Various Approaches for Processing Semantic Web Information

Due to the fact that RDF Schema and OWL are used to define classes,
instances, and their relationships, hence, they could be related to an object-oriented
modeling concept. In this direction, several approaches tried to handle this semantics of
the ontology languages by an object-oriented system. [Bassiliades et al.,, 2004]
described DR-Device, a defeasible logic system for the SW, which was a deductive
object-oriented knowledge base system which is implemented on top of the C
Language Integrated Production System (or briefly “CLIPS") and on R-Device
[Bassiliades & Viahavas, 2004], a deductive rule system over RDF data. In another
approach in this direction, [Koide & Kawamura, 2004] introduced an SW processor,
called "SWCLOS", which was built upon the Common Lisp Object System (or briefly
“"CLOS"). According to this work, every resource in RDF and RDF Schema, e.g.
rdfs:Class, rdfs:Resource, rdf: Property, resource instances, and properties
are realized as CLOS objects with straightforward mapping RDF/RDF Schema classes to
CLOS classes and RDF/RDF Schema instances to CLOS instances. Axioms and
entailment rules in RDF/RDF Schema are embodied in the system. Apparently, both
these approaches are heavily relied on traditional object-oriented concepts and were
mainly concerned with representing and querying RDF data with an object-oriented
system which is not a logical system.

There have been many research works paying attention to the problem
concerned with multiple ontologies in the SW. A rather traditional approach proposed by
[Fernandes et al., 2003] was used to develop an ontology-based knowledge system for
creating and sharing user's personal objects, with support for querying semantic

associations. A global ontology is available on a web server and provides global
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semantic query capability. This ontology is used as an intermediate component for
communication among users’ local ontologies which are all translated to the global one.

There are several ways to represent SW information and each representation
schema typically has associated software tools to manipulate information so long as it is
represented properly. [Bowers & Delcambre, 2000] introduced their approach which
was used to represent information for a wide variety of model-based applications in a
uniform way by using RDF language, and to provide a mapping mechanism that was
used to easily transform information from one representation to another.

in order to share information defined in ontologies in the SW, softwares that use
different vocabularies must be able to transiate data from one ontological framework to
another. Ontology translation is required when translating datasets, generating ontology
extensions, and querying through different ontologies. OntoMerge, an online system for
ontology merging and automated reasoning proposed by [Dou et al., 2003], was
implemented for ontology translation with inputs and outputs expressed in OWL or other
web languages. In this approach, the merge of two related ontologies is obtained by
taking the union of concepts and axioms defining them, and then adding bridging
axioms that relate to their concepts. The resulting merged ontology then serves as an
inferential medium within which the translation can occur. Their work was focused more
on how to express semantic differences between two ontologies in a merged ontology,
and how to implement ontology translation by inference. This approach can support for
developing some semi-automatic tools for ontology merging but not fully automated.

Another approach related to ontology translation was presented by [Mota &
Botelho, 2005). They developed an ontology translation web service based on the O3F
framework, an ontology representation framework [Mota et al., 2003], that translates
ontologies between each other expressed in OWL. In their O3F framework, ontology
translation was based on a mapping from basic concepts of the source ontology to
basic or compound concepts of the target ontology. They also discussed in details the
algorithms used by the ontology translation web service and this service's interface. An
illustration of this approach was also presented in the work.

Paying an attention to the ways to represent the complex relationships between

multiple ontologies, [Xu et al., 2004] analyzed and classified a variety of relationships
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between multiple ontologies, then proposed a theory of bridge ontology. The bridge
ontology in this approach was a special ontology that has four layer structures and is
able to express twelve kinds of relations between muitiple ontologies. A bridge relation
was defined as an associated rule between different ontologies and can be applied for
concepts or relations between these ontologies.

Concerning ontology merging, the method FCA-MERGE addressed by [Stumme
& Maedche, 2001] used a bottom-up approach which offered a structural description of
the merging process. This method was guided by application-specific instances of the
given source ontologies that were to be merged. They also applied techniques from
natural language processing and formal concept analysis for deriving a lattice of
concepts as a structural result of the FCA-MERGE. The generated result was then
explored and transformed into the merged ontology with human interaction.

The RDF language is considered to be an important relevant standard for data
representation and exchange in the SW. Therefore, there are a number of languages for
querying RDF documents having been proposed. Some of them relied on some
traditional database query languages like RDQL [Seabome, 2004], or on the Notation 3
syntax of RDF like N3 [Berners-Lee, 2000], [Roo, 2002], or on rule languages like Triple
[Sintek & Decker, 2002] or on the graph model of RDF like RQL [Karvounarakis et al.,
2002]. A key distinction of these approaches is the support for RDF Schema semantics.
Languages like N3 and Triple [Miklos et al., 2003] do not make a strict distinction
between queries and rules. Thus a logic program representing the desired semantics, in
this case RDF Schema, can optionally supplement a query. RQL language supports for
RDF Schema semantics internally while RDQL language ignores RDF Schema
semantics. A more detail comparison of these query languages and others for RDF was

presented in [Haase et al., 2004].

2.2.3 Logic Programming Approaches for Semantic Web

The Semantic Web is a promising application area of logic programming
language like Prolog for its non-determinism and pattern-matching. [Wielemaker et al.,
2003] described an infrastructure based on Prolog for handling large ontologies defined

by using SW languages RDF and RDF Schema. The parser, storage, and basic query
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interface for this RDF infrastructure were provided in terms of a library of Prolog
predicates. This infrastructure can handle moderately large RDF triple sets with fast
parsing, fast access but it depends on a Prolog interpreter to query information. Queries
at RDF Schema were implemented by using trivial Prolog rules. The library supports
almost querying rather than reasoning with ontologies, especially not used for OWL.

[Peer, 2002] introduced a logic programming approach for transforming RDF
documents and RDF queries, in order to provide the amount of expressivity needed to
build generic services for RDF data management. In this approach RDF statements are
represented as logical expressions via ternary relations having the form of triple
(Subject, Predicate, Object). An RDF document therefore can be represented as a set of
ternary predicate triples. For queries, they are expressed as (Horn-) rules, which may be
asserted to and executed by a logic programming based engine, e.g. a Prolog
interpreter. Algorithms for transforming ontologies and queries were presented and a
mapping mechanism for structural differences of mapped ontologies was also
discussed in their work.

[Grosof & Horrocks, 2003] claimed that a mapping between ontology and rule
languages was important for many aspects of the SW such as an SW architecture,
querying ability, data integration, and SW service. Therefore a mapping of a Description
Logic (DL) subset into logic programs (LP) which is suitable for evaluation with Prolog
was introduced. This interaction of DL with LP called Description Logic Program
completely covers RDF Schema and a fraction of OWL. They showed how (some of)
statements of DL and DL based languages (such as DAML+OIL and OWL) as well as
complex compound expressions were built up from atomic classes and properties using
a variety of constructors corresponding to def-Horn statements (rules). They also
discussed some kinds of typical inference in DL and LP, and how they can be
represented in each other, i.e., in LP and DL respectively. As remarked by [Weithoener
et al., 2003], logical database systems seem most suitable to combine LP with efficient
and persistent data storage. However applying this approach for loading, storing, and
evaluating ontologies in logical database systems showed some significant scalability
deficits as well as representational drawbacks. Therefore, [Weithoener et al., 2003]

developed a new mapping without above limitations which was called the "meta
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mapping” approach. This approach is meta in the sense that it maps the LP subset of
OWL into a higher representational level resulting in lower computational complexity and
more representational flexibility. The basic idea of this approach is to convert OWL
statements contained in an ontology into a set of facts reflecting the content of the
ontology. A description and detail comparison between this approach and the approach
in [Grosof & Horrocks, 2003] as well as some benchmarking resuits for both of them

were depicted in their work.

2.2.4 Agent-based Approaches for Semantic Web

The integration of agent technology and ontologies as well as SW technologies
can significantly affect the use of web services and the ability of extending programs to
be able to perform efficiently complex tasks for users without or less human intervention
[Hendler, 2001]. This section will briefly review various techniques, approaches and

problems which combine SW and agent technologies.

® Applying SW technologies for developing SW agents

[Eberhart, 2002b] presented a detailed description of the OntoAgent framework
which is used for the declarative specification of agents. This platform allows a software
agent to be specified using standard markup languages such as RDF, RDF Schema,
and RuleML [Boley et al., 2001]. The functions of agent’s components as well as how
these components can be represented by using SW markup languages were described
in the work. They also introduced the communication subsystem of an agent which
distinguishes between two basic types of messages: queries and information messages.
Another work proposed by [Dietrich et al., 2004] also presented a general architecture
rule based agents for the SW. An agent of this kind has its behaviors and/or its
knowledge expressed by means of rules. Their agent architecture was based on
knowledge and perceptions implemented by using SW languages. For example, RDF
Schema was used for specifying the schema of an agent's mental state or its factual
knowledge while the RuleML was used for specifying terminological and heuristic

(intentional) knowledge of the agent.
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We can realize that both these works were focused on applying SW technologies
for representing and developing agent architecture rather than processing SW

information by basing on agent technology.

® Agent communication in Semantic Web

In an open and heterogeneous environment like the SW, it is essential to enable
agents communicate with one another to search for information and services. Many
works have paid attention to problems of communication between agents in the SW.
Researchers frequently make three assumptions to enable agent communication:
sharing ontologies, using the same communication language, and pre-agreeing on a
message format. However, in order to allow agents interoperate on the fly, [Al-
Muhammed & Embley, 2004] presented an approach which enables communication
among independent agents in the SW by assuming neither shared ontologies, nor a
common language, and nor a shared message format. This approach was based on two
key ideas. (1) Independent global and local ontologies. Rather than requiring agents to
share ontologies, they provided an agent-independent, domain specific ontology, called
the global ontology. When an agent wishes to communicate within a particular
application domain, essential information from the agent's local ontology including class
names, parameter names, variable names, and the types of these concepts will be
mapped to the global ontology. (2) Automatic message service mapping. Rather than
having agents deal directly with incoming messages, the system automatically maps an
incoming message to an appropriate service. Therefore agents do not have to use the
same communication language and pre-agree on a message format.

[Takeda et al., 1995) discussed how ontologies play roles in building a
distributed and heterogeneous knowledge base system. The most important but difficult
problem for agents sharing and reusing knowledge is how to use their different concept
structures together. There are mainly two reasons for it. One is that it.is difficult for each
agent to know what concepts are used and to know which agent to talk to. The other is,
even if they can find relationships among their concept structures, it is difficult for each
agent interpreting concept structures of other agent. To solve these problems, they

proposed that (1) providing ontologies which are containers to put concepts and their
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relations used in each agent. Therefore each agent needs to declare its ontology
explicitly. A mediation mechanism using ontology is used for suggesting possible
agents to respond given undirected messages. (2) Allowing multiple aspects for
concepts and providing relations among different aspects which are used to translate
information from one aspect to the other. Although this approach has appropriate
features for large-scale knowledge base systems, it is not sufficient to realize flexible
communication among various heterogeneous agents.

[Baldoni et al., 2003b] presented various approaches for reasoning about
conversations protocols within a framework of logic-based agent Janguages. They
shown that a theory of communicative actions can be formulated in the Dy-Log logical
framework, a high-level logic programming language for modeling and programming
rational agents [Patti, 2002], [Baldoni et al., 2003a], so as to allow the modeling of
software agents that can interact with one another by a speech act based
communication mechanism. The framework allows an agent to reason about
conversation protocols with other agents. They also presented an action theory based
on the logic Dynamic Linear Time Temporal Logic [Henriksen & Thiagarajan, 1999]
which provides a unified framework for specifying and verifying systems of

communicating agents.

® Multi-agent systems in Semantic Web

Because of the promising vision of building muilti-agent applications in the SW,
there are also many works related to building multi-agent based applications using SW
technologies. [Grimnes et al., 2003] developed a multi-agent application, called
“GraniteNights”, which allows a user to schedule an evening out. The application
combines agent and SW technologies, being viewed as an agent-based SW service.
There are various kinds of agents within this application infrastructure: information
agents (wrapper for RDF resources), profile agent (manages user data, such as
identification, password, preferences), constraint-solver agent (maps RDF data to finite
domain constraints and produces valid instantiated schedules), and evening agent
(receives user queries and invocation of other agents to generate a solution). This

approach used SW languages like RDF as a content language for describing resources
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of interest in an application domain and RDF Query by Example for expressing queries
in RDF. Another scheduling application was developed by [Payne et al., 2002b]. The
RETSINA Calendar Agent (Rcal) is a distributed meeting scheduling agent that performs
scheduling with distributed ontologies about events, e.g. conferences, classes, which
are published on the SW. In this application, translation services are used to transform
concepts defined within previously unknown ontologies into known concepts, therefore
allowing. agents to understand the available information and achieve its :goal.

Another work using SW technologies in multi-agent systems was presented by
[Zou et al., 2003). This approach used SW languages as content languages within the
FIPA ACL messages; as the basic for agent knowledge bases via XSB-based reasoning
tools; and to describe and reason about services. In another approach [Gandon et al.,
2002] showed how some aspects of the underlying graph model of the SW framework
could be exploited to handle allocation of annotations and distributed query solving ina
multi-agent system. The approach concentrated on finding mechanisms to decide
where to store newly submitted annotations and how to distribute a quiery in order not to

miss answers when the needed information are split over several repositories.

225 Our Proposal: A Meta-logical Framework for Agent
Communication of Semantic Web Information

SW is a promising area so there are a lot of works that have béen done so far to
motivate its vision. Although approaches for developing query languages for SW
information have gained some success in querying RDF data but they almost do not pay
much attention to the problem of reasoning or supporting for RDF schema and OWL
languages. Therefore their abilities for exploiting SW ontology information are still limited.

For approaches related to muitiple ontologies, they concentrated on some
aspects concerning with translating information from one ontology to another or merging
information from multiple ontologies. And again, these approaches do not mention much
some problems of reasoning with multiple ontologies or distributed reasoning.

Agent-based approaches are used for either building domain specific
applications like scheduling in order to exploit information resources described by SW

languages or combining with SW technologies to propose SW agent architectures. In
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our view, agent systems should have capability of reasoning with multiple distributed
ontologies to form a distributed reasoning system for processing SW information.

Besides that logic programming approaches have focused on representing SW
information as logical sentences and performing querying or simple redsoning with them
by employing some available logic programming engines like Prolog interpreter.

Our proposal in this thesis is to fill these gaps of previous approaches. By
utilizing meta-logic we have proposed a meta-logical representation for SW ontologies
which enables our agent system reasoning with muiltiple distributed ontologies and
exchange information with one another. The agents and their comm:mication are also
characterized in meta-logic. By exploiting benefits of agent technology and logic
programming as well as their relations with SW technologies, our approach is to develop
a meta-logical framework for agent c:ommunication of SW information. This framework

!
will be described and depicted in further details by the following chapters.

2.2.6 Conclusion
We have introduced the SW and its related background. We also have given our
survey of several works in the SW. The result of this study led us to our own direction of

investigation of the SW as follows.
® A unified method for representing SW information in a logical system.

® A sufficient and efficient inference engine needs to be developed to reason

with SW ontologies. i

® Agent-based framework is a suitable approach for exchanging SW

information in terms of explicit and implicit knowledge.

® |tis essential to reason with multiple distributed ontologies.



Chapter 3
A Meta-logical Framework for Agent Communication of

Semantic Web Information

Our meta-logical framework is briefly called “MAC-SWI Framework” and this

name will be used henceforth in the thesis.

3.1 Overview of the MAC-SWI Framework
The MAC-SWI, depicted in Figure.3.1, is a meta-logical framework for agent

communication of SW information, expressed in a meta-level logic programming.
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" Agent 2 is located at address 2.

Figure.3.1 Multi-agent communication system for the SW

In order to concretely describe the framework, we focus on two main problems:
SW information (ontologies) processing by one single agent and agent communication
of SW information.

The meta-logical system for one single agent consists of three main parts: meta-

programs of multiples ontologies, a meta-interpreter, and the communication facility.



Appendix 1l Configuration, Installation, and Deployment of the MAC-

SWI Framework

1.1 Installation

Install the SWI-Prolog 5.5.11 and make sure that the installation includes
SGML/XML/HTML parser, RDF/SW Library.
Website: http//www.swi-prolog.org
Install Win-Prolog 4.320, including Intelligent Server.
Website: http//www.lpa.co.uk
install Win-Prolog 4.040, including TCP/IP, HTTP, KQML, and Agent
Libraries.
Website: htto//www.lpa.co.uk
Install Proweb server. After installing Win-Prolog 4.040, move the entire
PROWEB directory into an Internet public directory that will be used to
deploy servers.
Website: http7/www.lpa.co.uk
install Apache HTTP Web server 2.0
Website: http//www.apache.org
Install browsers like Internet Explorer 6.0, Firefox 1.5, Opera 6.0, etc.
Websites: http//www.microsoft.com,

httpo ZAMww.mozilla.com,

httpZ/www.opera.com
Testing each system to make sure that they work correctly. More information
about instaliation process can be found in manuals which are supplied along

with those software toolkits.

11.2 Configuration

In this section we will consider some instructions for configuring an Apache

HTTP Web server, an important component for the whole system.
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® Apache HTTP Web server 2.0

After installing the Apache server, we need configure some configuration
directives that give the server necessary instructions. The configuration file httpd
can be found in the Apache server directory Apache Group/Apache 2/conf.
Some directives need to be configured with suitable values are domain name,
server name, server admin, server port, server root, etc. The meaning and

instructions for these directives can be referenced in the httod file.

B Alias: Aliases are used to map URLs to file system locations. To add an
alias of a server, add the following directives to the httpd file. According
to specific requirements, we can include or add some options and
instructions to these directives. In this example, we add an alias for the
directory containing html files that can be accessed by clients.

Alias /html "C:/SemanticWeb/PROWEB/SWServer/HTML"
<Directory "C:/SemanticWeb/PROWEB/SWServer/HTML">

Options FollowSymLinks

MultiViews IncludesNoExec

AddoutputFilter Includes html

AllowOverride None

Order allow, deny

Allow from all

</Directory>

" Script alias: Script aliases are used to map URLs to file system locations
and designate the targets as CGl scripts. To add a script alias, use the
following sample.

ScriptAlias /ProWeb/ "c:/SemanticWeb/SWServer/"
<Directory "C:/SemanticWeb/SWServer/">
AllowOverride None
Options None
Order allow,deny
Allow from all

</Directory>
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More information related to configuration of aliases and script aliases can

be found at the address https/httpd.apache.org/docs/2.0/mod/

mod_alias.html.

iI.3 Deployment

® An SW browser can be deployed as a Win-Prolog application or as a plug-in

of Firefox browsers.

® An SW server, a service advertising server, or a Name2Location server can
run as a Win-Prolog application or can be deployed on Apache + ProWeb,
or Intelligent server.

® A normal server is deployed on Apache server or Apache + ProWeb.

Each agent can be deployed on separate machines on the network or several
agents can run on the same computer. Name2Location servers and service advertising
servers are deployed first and they will continue waiting for requests of registration,
advertisement, queries, etc. from SW servers, SW browsers. Then we can deploy SW
servers as well as other normal servers. After that, the community of agents can work

together. Some agents can leave and some can take part in the system during the time.



Appendix Il Demonstrations for the MAC-SWI Framework

In this appendix, we will present three demonstrations to show the abilities of
reasoning with multiple distributed ontologies of our agent framework. The first
demonstration shows the powerful reasoning capability of our meta-interpreter with the
family ontology. The second demonstration is to reason with multiple ontologies
including two genealogy ontologies, the family ontology, and the cross ontology which is
the linked ontology among previous ones. The third demonstration shows the full agent

system working with multiple distributed ontologies in an e-commerce scenario.

.1 Demonstration for Reasoning Capability: Family Ontology

We use the family ontology taken from the library of ontologies [Family_onto,
2003] for the demonstration. The ontology family is an OWL ontology describing the
usual classes, e.g. Person, Man, Woman, Child, Daughter, Parent, Father, etc,,
and relationships, e.g., hasParent, hasFather, hasChild, etc. within a family. Each
person may have some relationships to other persons, such as father, mother, brother,
sister, uncle, aunt, etc. And there are many dependencies between those relationships.
Information of a person can easily be represented in the ontology by OWL statements,
e.g. hasParent relation is the inverse of hasChild, Father is a subclass of
Parent. However we can use our SW meta-interpreter for exploiting many other
relationships among people that are not defined explicitly in the ontology.

Figure.lll.1 shows a part of the family ontology in its original OWL form which
contains definitions of classes Person, Man, Father, Mother, Son, and relationships
hasChild, hasUncle, hasNephew, hasSibling, hasBrother. Figure.lil.2,
Figure.lll.3, and Figure.lll.4 present graph models of property relationships as well as
class hierarchy of classes and properties which are defined in the family ontology.
Figure.lll.5, Figure.lll.6, and Figure.lll.7 depict some parts of the MP meta-program,
MMP meta-program transformed from the family ontology, and the query answering with
our meta-interpreter, respectively. Each answer of the query answering is explained with
essential clauses of the AMP meta-program (chapter 5), the meta-interpreter (chapter

6), and the family MP, MMP meta-programs from which the answer is derived.
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Due to the size of the ontology example, only some parts of the MP and MMP

meta-programs transformed from the family ontology are shown below:

® The MP program:

Figure.lll.5 MP program of the family ontology
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Figure.lll.7 Query answering with the family ontology

.2 Demonstration for Reasoning with Multiple Ontologies: Two Genealogy

Ontologies, Family Ontology, and Cross Ontology
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Figure.lll.8 Multiple ontologies query answering demonstration
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In this demonstration we use the two genealogy ontologies bbn_ged and
drc_ged taken from [Bbn_ged, 2001], [Drc_ged, 2001], the family ontology fo
[Family_onto, 2003], and a cross ontology cross_onto defined as a linked ontology of
bbn_ged, drc_ged, and fo as an example of multiple ontologies for the demonstration.
The overview of the demonstration is depicted in Figure.lll.8. Some fragments of the

bbn_ged, drc_ged ontologies are shown in Figure.lll.9, Figure.ll1.10.

Figure.lll.9 An OWL fragment of the Bbn ontology
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Figure.lll.10 An OWL fragment of the Drc ontology

In Figure.lll.11, the CMP meta-program has meta-statements defining some
rules for mapping the relationships among three ontologies, e.g., the first meta-
statement cf1 states that the property ‘bbn’ # ‘b’ : ‘place’ of the bbn_ged ontology
and the property ‘drc’#'d’ : ‘location’ of the drc_ged ontology are equivalent;
the second meta-statement is a rule defining the relation ‘fo’ #'£’ : ‘hasFather’
(from the family ontology fo) based on the relations ‘bbn’# ‘b’ : ‘sex’,
‘bbn’ # ‘b’ : ‘spouselIn’, and ‘bbn’#‘b’:‘childIn’ from the bbn_ged
ontology. The FMP and CMP meta-programs are both required, as demonstrated in
Figure.lll.12, for supporting the meta-interpreter to perform reasoning in order to derive
many implicit relations that are not defined explicitly in these ontologies.

The FMP meta-program contains meta-statements about the relationships
(inversion, sub-property) and the characteristic (symmetric) of the properties
‘fo’ # ‘£’ : ‘hasParent’, ‘fo’ #'f’: ‘hasChild’, ‘fo’#'f’: ‘hasBrother’,
and ‘fo’ #'f’ : ‘hasSibling’.

BMP and DMP give information of some family relations using different
terminology but these relations are somehow related to the family relations in FMP.

The demonstration of query answering is shown in Figure.lll.12. According to the
demonstration, the queries gl and g2 are related to just the family ontology. That is, to
answer ql, the interpreter can get the answer directly form FMP, but to answer g2 the
interpreter has to reason with the inverse characteristic of the
‘fo’#'£’: ‘hasParent’ property, the ‘fo’#‘'f’:‘hasChild’ property, and
some statements in AMP.

For queries g3, g4, and g5, some relationship definitions of the family ontology,

i.e. the definitions of *fo’ # £’ : ‘hasFather’ and ‘fo’ #‘f’: ‘hasSibling’, are
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used in the inferential process for answering the queries about the relationships of the
individuals in the bbn_ged ontology; this is because the definitions of these relations
and many others are not given in the bbn_ged ontology. To answer such queries, the
interpreter has to perform reasoning with different ontologies. For the last two queries,
g6 and g7, this demonstrates how to answer the queries about some relationships of

individuals in the bbn_ged ontology by using some equivalent relations in the drc_ged

ontology. The information telling what assumptions are used in the reasoning steps

performed by the interpreter is also noted below each answer as seen in Figure.lll.12.
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DMP: Meta- program for the Drc_ged ontolqu :
statement (drc, ‘drc’#‘d':‘location'(‘drc'#‘d':‘event1138',

‘Dartford’) <« true). 0 g e i (d1)
Figure.lll.11 MMP and MP programs of multiple ontologies demonstration

?- demo (T, ‘owl’:‘inverseOf’ (‘fo’#'f’:‘hasFather’, X)). ql):
Ti= fo X =uvfolt#$yfl yhasChildl;

// reasoning by clauses (true), (mst), and (f1)

?- demo(T, ‘owl’:‘inverseOf’ (‘fo’#'f’:‘hasChild’, X)). (q2)
Ti= fo, X = YEol#' fr: hasFather’;

 //reasoning by clauses (true), (mst), (ast), (asip), and (f1)
?2- demo (T, ‘fo’#'f’:‘hasFather’ (‘bbn’#'b’:'@I02@’, X)). (g3)
T ='fo U bbn, X'= ‘bbn’#'b’:'@I0l@’;
// reasoning by clauses (true), (ref), (ost), (mst), (ast), (conj), (cf2), (b3), (b4), and (b6)
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‘\ "- d’em,éj(T,‘ YEo!l#) f' ‘hasS:Lbllng (' .

' ’k»:;;.'I'.'.::'..=.. fo U bbn, X —_:‘bbn #

.’j:// reasoning by clauses (true) {reD (ost) (mst)f (ast
e demo(T, YEo ! f' -"hasSJ.bl:Lng»,_A '

T - fo U bbn, X = ‘bbn’ #° b'-‘-@IOZ@"

" // reasoning by clauses (true) (ref), (ost) (mst) (asg (c

(cf3), (bS), (b6), and (b8) e

?2- . demo (T, ‘drc’'#*d! -‘locat::.on i bbn'f

T = drc U bbn, X = ‘Grafton Regls' o

// reasoning by clauses (true), (ref), (ost), (mst) (ast) (conj) (asep), (acep) (cf1) and (b2)

Pxtdemo (T, Sdrcr#rdl: ‘husband’( bbn _~#:.%7b,'

s = dre \J bbn, X~= ‘bbn‘#'b’ -‘@FOl@’ :

‘erole’, X)) . (q7_)

// reasoning by clauses (true), (ref), (ost), (mst) (ast) (con/) (cf4) (b3) and (b4)

Figure.lll.12 Query answering with multlple ontologies demonstratlon

I11.3 Demonstration for an E-commerce Scenario: The Bookshop Purchase

In this demonstration, we -use a book purchase scenario of multi-agent
communication that works with multiple distributed ontologies and distributed reasoning.
Suppose we have an online bookshop selling books supplied by some publishers. The
bookshop and the publishers have their own SW servers which provide information
about the books able to be supplied by them. This book information is described by
some SW ontologies and there are differences between the ontologies in the SW servers
of different book shops and different publishers. The overview of the bookshop

purchase demonstration is shown in Figure.lll.13.

(3
@;\m

user

SW Browser

Advertlsmg
Server

Figure.lll.13 Bookshop purchase demonstration
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An online book purchase begins with firstly a customer wants to buy some books
from the bookshop. He then uses an SW browser to get some book information—i.e.
title, short déscription about the book—(expressed in some ontologies) from the
bookshop SW server. This information helps him decide which titles to buy.
Sometimes, he may want to get more information of the interested titles, such as their
publishers, book cover types (e.g. paperback, hardcover), and prices before placing an
online order with the bookshop server. Suppose this information is not stored in the
bookshop server, but the server can request it from some (probably unknown)
publisher servers. In Figure.lll.14, we present some parts of the meta-programs, MP and

MMP, possessed by a publisher server, the bookshop server, and service

advertising information in a service advertising server, respectively.
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&

Figure.lll.15 Query answering with the Bookshop purchase demonstration

A demonstration of the query answering of the SW browser is shown in
Figure.lll.15. To answer the first query, the SW browser reasons with its ontologies
obtained from the bookshop server. However, for the second, the browser adopts BMP's
the second statement, and this requires it to pass this query to the bookshop server to
answer. The bookshop server uses DMP's third statement to infer the ISBN from the title;
and it then queries an unknown publisher and the publisher publisherAgent for the cover
type and price respectively. According to this example, since the '‘Genetic Algorithm’
book has two editions, i.e. hardcover and paperback, the user may ask to get more
answers after the first one is derived and the browser then performs backtracking to get

further answers with the similar reasoning steps of the previous one.
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Abstract—The design of S tie Web kup 1
nﬂuRDP.RDFS,MOWLIuMhﬂMbywy
different pts, such as jc structures and frame
representations, object-oriented approaches, Description Logic,
and first-order logic. Currently a Semantic Web ontology
represented In these different languages is processed and
manipulated differently by various approaches; however, In this
paper we propose a single framework using meta-logic which can
process the ontology In a uniform manner. Meta-logic allows us
ummmam-tdmwudmu,mm
in and their relati pressed in RDF, RDFS, and
owmuumwmum represented
in combined RDF, RDFS, and OWL languages, Is transformed to
meta-logical statements definitions of classes and
propertles, between classes and propertles, and
relationships between instances, etc.; later these statements are
reasoned by a meta-interpreter which provides a query
answering mechanism to Infer meta and context information

from the Semantic Web ontology.
Index T S tiec Web, Ontologies, Meta-logic, Logic
Programming
1. INTRODUCTION

ntology has been an essential part of the Semantic Web

(or briefly “SW™) as it describes the domain of discourse,
Ontology is used to represent substantial human
knowledge on the web. SW resources are described by
ontology-based metadata formulated in several XML-based
markup languages. For instance, RDF provides a basic data
modeling in the form of subject-predicate-object triples;
RDFS, OWL, and DAMLAOIL (1] are used 1o define classes,
properties, and their relationships. The development of these
hngmguhubemmﬂumeedbydnﬂumaomepumhu
and frame repr tations, object-oriented

approaches, Dumpnonl.og:c,md first-order logic. A graph
representation of RDF can be understood as a semantic net [2]
or a conceptual graph [3]. An object-oriented approach also

has an influence on the design of OIL [4], a part of
DAML+OIL ‘language from which OWL was derived. In
addition, both DAML+OIL and OWL are developed based on
Description Logic, a subset of first-order logic. Especially
OWL DL, a sub-language of QWL, is designed to support
Description Logic.

Due to the fact that several different concepts had
influences on the design of these languages, this lead to the
development of several different approaches for processing
and manipulating SW ontologies. In this paper we shall
consider some of those approaches that are based on logic
programming and object-orientation before we characterize
our meta-logical approach.

Some approaches based on logic programming transformed
an SW ontology into a logic program in order to process and
query with it [S]. In [6] an SW ontology represented in RDF,
RDFS, and OWL languages was translated to predicates
luving the triple form and some rules were defined to

» RDF d and RDF queries between each
other. Howcver, there was not any Ioglul framework be
proposed in both works.

Due to the fact that RDFS and OWL are used to define
classes, instances, and their relationships, hence, they could be
related to an object-oriented modeling concept. In this
direction, several approaches try to handle this semantics of
the ontology languages by an object-oriented system. For
example, DR-Device [7] was a deductive object-oriented
knowledge-based system which imported RDF data into the
CLIPS production rule system as objects and used a deductive
rule language for querying and reasoning about them. Another
similar approach, an SW p or called “SWCLOS" [8],
was built upon the Common Lisp Object System (CLOS).
According to this approach, every resource in RDF and RDFS
was mapped to CLOS objects. Apparently, both approaches
relied heavily on traditional object-oriented concepts and were
mainly concerned with representing and querying RDF data
with an object-oriented system which is not a logical system.
It seems that cither direction still suffers from its own

limitation. A logical approach basically does not support the
This rescarch work was supported by the Japan jonal Coop pt of obj and cl whilst an object-oriented
Am(nCA)udachsuN' / Southeast Asia approach does not support logical i To
8 P % (or AUN/SEED-Ne() Project. such limitations while still adopting a | h
Vhillmhwiﬁlh" of C Engineeri

King Mongkut' ‘echnology Ladkrabang,
Ladkrabang Dist., Bangkok 10520, Thailand (corresponding suthor to provide
phone: +66-2-739-2400; fax: +66-2-739-2404; ml.v-it@nunilhuh
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therefore, we shall propose a unified appro.lch for
manipulating SW information based on meta-logic.

The rest of this paper is organized as follows. Section I
establishes our position, that is, to adopt meta-logic to reason
wnth SW ontologies. Section 11 pmenu our meta-logical

rk and section IV descrit gy meta-prog;
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transformed from SW ontologies. Section V describes an SW
meta-interpreter and Section VI shows how to employ it to
querylnd:utonmthanSWonﬁology Section VII covers
some implementation issues. Section VIII comrares our work
wmlmodwrnhtedwodu.ﬁully.mmmhdu

this paper.

1. THE SEMANTIC WEB WITH LOGIC AND OBJECTS
In this section, we explain the reason supporting our
proposal where we adopt meta-logic to develop a unified
approach to handle both logic and object concepts in SW
ontologies. g
A. The Semantic Web and Logic Programming
SW languages and logic programming languages are
similar in that they are both declarative. In logic
programming, a domain of discourse is described in term of
objects and their relationships together with rules for
deduction. In SW, just a part of information of resources is
explicitly described. Given some ontologies and rules, implici

C. A Meta-logical Framework for the Semantic Web

One way to reason with SW ontologies logically as well as
with their classes, instances, and properties is to use meta-
logic. An agent framework based on meta-logic can be
developed in order to communicate, manipulate, and reason
with SW information. Our research is moving towards this
direction.

III. OUR META-LOGICAL FRAMEWORK

Our framework forms a logical system consisting of a
meta-program and an inference engine. The former is in the
form of logical sentences representing a meta-level description
of an SW ontology. That is the ontology expressed in its naive
form, e.g. in RDF, RDFS, and OWL languages, is transformed
into a meta-logical representation. The latter is a meta-
interpreter, in the form of a demo (meta-)program, which is
used to infer explicit and implicit information, or in other
words draw conclusions, from the former. The meta-
interpreter could be extended to communicate to the Interet

knowledge can be derived by using an inference engine.
Hence, a logical system should be used for this purpose.
Furthermore, ontology languages like DAML+OIL and OWL
are heavily influenced by Description Logic which is a subset
of first-order logic. To exploit this feature of SW languages a
mapping—with some restrictions—from Description Logic to
a Hom-clause program was proposed in [9].

To adopt logic programming for the SW, (S, 6] first
transformed information of an SW ontology to a logic
program and then defined rules to manipulate and reason
about it. Alternatively, with logic programming we can use
meta-logic to build a meta-interpreter to analyze, manipulate,
andmwnw:ﬂ:dxelog:cmmmﬂomedfmntbe
ontology. This ability is essential for the SW, since with the
meta-logic we can develop a browser-like agent to reason
about the SW ontologies and such an agent can communicate
the ontologies among other agents. Even more importantly,
the agents can reason about beliefs and truths based on those
ontologies.

B. The Semantic Web and Object-oriented Modeling

Object-oriented concepts have been only partially adopted
in ontology languages, like RDF, RDFS, and OWL. A class is
used to define abstraction of related resources, However, class
properties are not inherited automatically to its objects, unlike
a traditional object-oriented approach where a class also
defines properties (attributes) and methods and these will be
“inherited by its descendants and its objem

In our framework, relations g obj are d as
logical statements and they are not encapsulated inside the
objects. Our framework adopts partially an object-oriented
concept only to manage ontology meta-information, like class
hierarchy, property hierarchy, instance-class relations, etc.

to obtain SW ontologies, communicate with the user to get
SW information, draw inference consequences for the user,
mdmvmalmkmmSWotwebmoumellkeaweb
browser,

Our meta-logical system for the SW can be simply
depicted in the following diagram. Firstly, an SW ontology is
retrieved from the Internet and is then transformed into a
meta-program. The user can query the meta-interpreter which
in turn derives answers from the fi d meta-p

%‘_’ A 4 i
User

A meta-program of |
an SW ontology

._..@... SW Ontologies{

Fig. 1. Our meta-logical system for SW

To explain our framework, in the following we first
develop two meta-languages of an SW ontology by mapping
the language elements of RDF, RDFS, and OWL into meta-
language terms, and then give an example of a meta-program
that transformed fmm a family ontology [10). Fmally. we glve
details of our meta-interp together with its d

- on query answering.

A. Language Elements of an SW Ontology
The Iangulge elements of an SW onloloy are classes,
, and relati / g them
descn'bed in the object level and the meta-level as |I|uslnled
in Fig. 2.
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Object Level

Fig. 2. The elements of an SW ontology at the object level and the meta-level

Object Level

: "hasFather’ )

é‘é

Meta-Level

o- Clns

Fnher . rdl ‘rdfs’: Pr

r’

Fig. 3. &-nﬂeofmehmﬁnﬂ“bouhohalevdudnmm

At the object level, an instance can be an individual or a
literal of a domain, e.g. ‘john’, and a property is a
relationship between individuals or an individual’s attribute,
e.g. ‘hasFather’, ‘name’. At the meta-level, a meta-
instance can be an individual, a property, a class, and an
object-level statement. A meta-property is a property to
describe a meta-instance’s attribute or a relationship between
and among meta-instances, ¢.g. ‘subClassOf’,
‘equivalentProperty’, eic.

To ease the understanding, some parts in the family
ontology [10] are taken here to illustrate of the language
m-ppmg and the mappmg is depicted in Fig. 3. In this

p a statement of the object-level
nnd!hreesu!ememsofﬁlemeh-level Theﬁmmmnentnw
thataman “f " :"MO2' hsstheﬁlhet f':'MO1". The second
statement declnm that a class * f Man is an OWL class.
Themlrdmwmeuldechm f’ MOl as an instance of the
class “f':"Man’. Simihrly, the fmmh statement declares that
the proputy ‘f':'hasFather’ is an instance of the class

‘rdfs” Properly

NobeethumotdmgtotheSWconvmuon,wnuke:
name appearing in an ontology umque.wequnllfyltwnhl

namespace like : for
‘£':*M01’, ‘£’:‘hasFather’, ‘rdtl':‘?top.zty'.

230

‘owl’ :*Class’, etc. Henceforth this qualified name will be
used throughout.

Next we define meta-logical terms to express these
elements of the ontology languages at the object level and the
meta-level.

B. Meta-languages of S¢ ic Web Onrologi

In our meta-logical framework we distinguish between the
object language and the meta-language of SW ontologies. The
object language describes information of instances and their
relationships in the real world. The meta-language describes
the syntactic element of the object language. For example, in
the real world John is the father of Tom, but at the meta-
language “John” and “Tom” are two names, which contain
four and three letters, respectively, representing nouns in the
sentence.

Since both object-level and meta-level statements are to be
reasoned (and probably manipulated) by a meta-interpreter,
only their syntactic forms are processed by it. Thus, a meta-
representation of the two kinds of statements is required by
the meta-interpreter in order to reason with them. This is the
reason why both object-lcvel and meta-level mternenh here
have to be exp d in yet

An SW ontology contains information of both object level

ther meta-l;
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and meta-level and this information is expressed by our meta-
languages. More precisely, we classify the meta-language
clements into 2 groups: one discusses about instances and

their relationships, we call it “meta-language for the object
level (ML)", and the other, called “meta-language for the
meta-level (MML)", discusses classes, instances, properties,
and their relationships.
e A meta-language for the object level (ML)

Instances and their relationships at the object level are

specified in an ontology and this information is expressed at

the meta-level by: meta-constants, meta-variables, meta-
function symbols, meta-terms, and meta-statements as
follows.

Meta-constant specifies mainly a name of an instance and
a literal, e.g. *john’, and also a namespace. The latter is a
meta-constant of MML. This means that ML and MML are
not entirely separated.

Meta-variable stands for a different meta-constant at a
different time, e.g. Person.

Meta-function symbel stands for a name of a relation
between instances, or 2 name of an instance’s property—i.c.
an object-level predicate name, such as ‘fatherof’,
‘name’— and also stands for other meta-level function
symbol, &.* e’ ,.'a¢ , |*5* 4

Meta-term is either a meta-constant or a meta-variable or
a meta-function symbol applied to a tuple of meta-terms, e.g.
*£’:'John’

To express an object-level predicate, it has the form: p(s,
0) where P is an object-level qualified predicate name, s and
0 are meta-constants or meta-variables or meta-terms, e.g.

‘£':'fatherOf’ (*£:'M2°, ‘£':'M1’).

The meta-term expressing an object-level sentence is a
term P(8, ©O) or a logical ive fi bol
applied to the tuple of these terms. We presume all mcu
variables appearing in the object-level sentence are
universally quantified. One form of the sentence is a Hom-
clause, e.g.

‘f’:'fatherOf’ (P, Ch) ‘«’

‘p’:‘parentOf’ (F, Ch) ‘a’ ‘m’:‘male’ (F).

. Meta-statement for the object level reflects an object-
level sentence to its existence at the meta-level. It has the
form: statement (cbject-level-sentence), ¢.g.
statement (*£’: ‘fatherOf’ (F, Ch) ‘«’'.
‘p’:‘parentOf’ (F, Ch) ‘A’ ‘m’:‘male’(F)).

In the above example, ‘£’ :*fatherof’ (F, Ch)
‘p’:‘parentOf’ (F, Ch) ‘a’ ‘m’:‘'male’ (F) is a rule
expressing an object-level sentence which becomes a meta-
representation (meta-term) to be manipulated at the meta-level

Vet
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by a meta-interpreter.
® A meta-language for the meta-level (MML)_

Additiunally, an SW ontology defines classes, properties,
their ‘relationships, as well as class-instance relations. This
information is precisely meta-information of the object level.
Here we express this information by MML in our meta-
logical framework. MML includes:

Meta-constant specifying a name of an instance, a
property, a class, a literal, and a namespace.

Meta-variable standing for a different meta-constant at a
different time.

Meta-function symbol g for a logical connective,
eg. ‘«', ‘a’; or *:* (for namespace labeling); or a name of
set operators applied on classes such as union, intersection,
and complement; or a meta-predicate name being a name of a
relation between entities; or being a name of characteristic of
a property, which may fall into one of the following
categories:

Class-class relations: subclass of, equivalent class of,
disjoint with, etc.

Class-is relations: i of, class of|, etc.

Property-property relations: sub property of, inverse of,
ete.

Relations  between literals and  instances/classes/
properties. We can see these relations as attributes of
instances, of classes, or of properties, ¢.g. comment etc.

Characteristics of properties: Ssymmetric, transitive,
functional, etc.

Meta-term being either a meta-constant or a meta-variable
or a meta-functi bol lied to a tuple of terms, e.g.
*£’:*fatherOf’, ‘owl’: ‘equivalentClass’ (C,EC).

When a meta-term expresses a meta-level predicate stating
a relation between entities, it has the form of
Prod(Sub obj). and when it expresses a meta-level

g a ch istic of a property, it has the form
of Pred (Prcrp). where Pred is a meta-predicate name, Sub,
Obj, and Prop (a property) are meta-constants or meta-
variables.

The meta-term expressing a meta-level sentence is a rerm
Pred(Sub,0bj) or Pred(Prop) or a logical-connective
function symbol applied to the tuple of these terms. Let all
meta-variables appearing in the meta-level sentence be
universally quantified. One form of the sentence is a Hom-
clause meta-rule, e.g.

‘owl’:‘equivalentClass’ (C, EC) «
‘owl’:‘equivalentClass’ (C, EC1l) a
‘owl’:‘equivalentClass’ (EC1, EC).

Meta-statement being a meta-representation of a meta-
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level sentence to be accessible by the meta-interpreter. It has

meta_statement (‘rdf’:‘type’ (I, C) « true).

two forms: meta_statement (meta-level ) .

and axiom(meta-level-sentence); the latter form
represents a rule for a mathematical axiom. Here are some
examples of the meta-statements:
meta_statement (*rdfs’ : ‘subPropertyOf’ (
*f’:‘hasBrother’, ‘£’ :‘hasSibling’)«true).
axiom(‘owl’:‘equivalentClass’ (C, EC) «
‘owl’:‘equivalentClass’ (C, EC1) a
‘owl’:‘equivalentClass’ (EC1, EC)).

IV. ONTOLOGY META-PROGRAMS

An SW ontology is transformed into a meta-program
containing a (sub-)meta-program expressed in ML, we call it
“MP", and/or a (sub-)meta-program expressed in MML, we
call it “MMP". Another meta-program asserting mathematical
axioms expressed in MML, called “AMP™, is also needed.
The inference engine often requires AMP to reason with MP
and MMP.

¢ The meta-program for the object level (MP)

The MP program contains information of instances and
their relationships in term of meta-statements for the object
level: statement (P(S, O) « true), statement(P(S,
0) « Body), where Body expresses a single object-level
predicate or a conjunction of these object-level predicates.
¢ The meta-program for the meta-level (MMP)

MMP contains description of classes, properties, their
relations, class-instance relationships, and meta-rules. Here
are some typical elements of an MMP program:

Some meta-stat about  cl

relationships:

meta_statement ('rdfs’:‘subClassof’ (
C, SC) « true).

// The class C is sub-class of the class SC.

meta statement (‘owl’:‘equivalentClass’ (
C, EC) « true).

// Classes C & EC are equivalent.

meta_statement (‘owl’:‘disjointwWith’ (
C, DC) « true).

// Classes C & DC are disjoint.

meta_statement (‘owl’: ‘unionOf’ (
C, Cs) « true).

// The class C is union of classes in Cs.

meta_statement (‘owl’:‘intersectionOf‘J{
C, C8) « true).

// The class C s intersection of classes in Cs.

meta_statement (‘owl’:‘complementOf’ (
C, CC) « true).

// The class C is complement of the class CC.

232

and  their

/ The i lisanis of the class C.
Some meta-statements about properties and their
relationships:
meta_statement (‘rdfs’ :‘subPropertyOf’ (
P, SP) « true).
// The property P is sub-property of the property SP.
meta_statement (‘owl’:‘equivalentProperty’ (
P, EP) « true).
1/ Properties P & EP are equival
' meta_statement(‘owl’:‘symmetric’ (P) « true).
// The property P is symmetric.
meta_statement (‘owl’ :“cranur.ive' (P)« true).
// The property P is transitive.
meta_statement (‘owl’:‘functional’ (P)« true).
// The property P is functional.
meta_statement (‘owl’:‘inverseFunctional’ (P)
« true).
// The property P is inverse functional.
meta_statement (‘owl’: ‘inverseOf’ (P, IP)
+« true).
// The property P s inversion of the property IP.
meta_statement (‘rdfs’:‘domain’ (P, D)« true).
// The domain of the property P is D.
meta_statement (‘rdfs’:‘range’ (P, R) « true).
// The range of the property P is R

¢  The meta-program for the axioms (AMP)

AMP contains axioms for classes, instances, and

properties, They are expressed in the meta-rule form.

1/ the following relations of classes and properties are transitive.

axiom(‘owl’:‘equivalentClass’ (C, EC) « (atec)
‘owl’:‘equivalentClass’ (C, EC1l)
‘owl’:‘equivalentClass’ (EC1, EC)).

axiom(‘rdfs’:'subClassOf’ (C, SC) « (atsc)

‘rdfs’: ‘subClassOf’ (C, SCl1) a
‘rdfs’:‘'subClassOf’ (SC1, SC)).

axiom(*owl’:‘equivalentProperty’ (P,EP)+« (atep)

‘owl’:‘equivalentProperty’ (P, EP1) a
‘owl’:‘equivalentProperty’ (EP1, EP)).

axiom('rdfs’: 'subPropertyOf’ (P, SP) « (alsp)
‘rdfs’ : ‘subPropertyOf’ (P, SP1))
‘rdfs’: ‘subPropertyOf’ (SP1, SP)).
axiom(‘owl’:‘sameAs’ (I, SI) « (atsa)

‘owl’:‘sameAs’ (I, SI1) a
‘owl’:‘sameAs’ (SI1, SI)).
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/ the following relations of classes and properties are symmetric.
axiom(‘owl’:‘equivalentClass’ (C, EC) « (asec)
‘owl’:‘equivalentClass’ (EC, C)).
axiom(‘owl’:‘disjointWith’ (C, DC) «

‘owl’ :‘disjointWith’ (DC, C)).

axiom(‘owl’ : ‘equivalentProperty’ (P,EP)« (ascp)
‘owl’:‘equivalentProperty’ (EP, P)).

(asdc)

axiom(‘owl’:*inverseOf’ (P, IP) « (asip)
‘owl’:‘inverseOf’ (IP, P)).

axiom(‘owl’:‘sameAs’ (I, SI) « (assa)
‘owl’:‘sameAs’ (SI, I)).

axiom(‘owl’:‘differentFrom’ (I, DI) « (asdf)
‘owl’:‘differentFrom’ (DI, I)).

// inheritance axiom: an i of a subclass is also an i

of its super class.

axiom(‘rdf’: ‘type’ (I, C) « (asic)

‘rdfs’: *‘subClassOf’ (SC, C) &
‘rdf’:‘type’ (I, SC)).

// some axiommnlaldtochmaiﬂics of a property

axiom (P(S, O) « (acip)
‘owl’ :‘inverseOf’ (P, IP} A IP(O, S)).
axiom (P (8, 0) « (acsp)
‘rdfs’ : ‘subPropertyOf’ (SP, P) A SP(S, 0)).
axiom (P(8, 0) « (acep)
‘owl’ :‘equivalentProperty’ (P, EP) a
EP(S, 0)).
axiom(P(S, 0) « (actp)
‘owl’:‘transitive’ (P) a
P(S, 01) a P(O1, 0)).
axiom (P (S, Q) « (acsmp)

‘owl’: ‘symmetric’ (P) A P(O, S)).

V. SEMANTIC WEB META-INTERPRETER
A meta-interpreter, yet another meta-program in our

framework, takes MP, MMP—the two sub-meta-programs
transformed from SW ontologies—and AMP as the inputs to
manipulate and reason with. This meta-interpreter can be used
to develop an intelligent agent to reason with SW ontologies.
The meta-interpreter in our framework is defined by the demo

~ate definit £nll,

P

Thedenopndiu(ehutheformdcm(m;it_nm!hn

the answer A can be infered from the meta-programs adopted
by the predicate. In our framework MP, MMP, and/or AMP,
are taken to be these meta-programs. Here the Vanilla meta-
interpreter [11] is adapted for reasoning with meta-programs

transformed from SW ontologies where we have identified *

three kinds of meta-level statements: (1) statement (A *«’

B)
meta_statement (A ‘«’

for the object level of an ontology, (2)
B) for the metadevel of an

ontology, (3) axiom(A ‘¢ B) {or the mathematical axioms,
The demo/1 predicates are defined as follows.

demo (true). (true)

demo (A ‘A’ B) « (conj)
demo(A) A demo(B).

demo (A) « (ost)
statement (A ‘«’ B) A demo(B).

demo (A)* « (mst)
meta_statement (A ‘«~’' B) A demo(B).

demo (A) « (ast)

axiom(A ‘«' B) A demo(B).

V1. QUERY ANSWERING USING THE META-INTERPRETER
Given an MP, 'an MMP, and/or an AMP to the meta-

interpreter which-is implemented in Prolog, we can now query
the meta-interpreter to derive explicit and implicit information
from an SW ontology. Next we use the family ontology taken
from the library of ontologies [10] for the demonstration. Due
to the size of the ontology example, only some parts of it are

shown below:
e  The MMP program:
meta_statement (‘owl’:‘inverseOf’ ( (1]
‘f£’;:‘hasFather’, *f’:'hasChild’) « true).
meta statement (‘rdfs’:‘subPropertyOf’ ( )

*f':'hasPather’, ‘f’: ‘hasAncestor’) « true).

meta_statement ('rdfs’:‘subPropertyof’ ( 3)
*f’:‘hasBrother’, ‘f’:‘'hasSibling’) « true).

meta_statement (‘owl’:‘symmetric’ ( ()]
‘£’:‘hasSibling’) « true).

meta_statement (‘owl’:'transitive’ ( &)
‘£ :‘hasAncestor’) « true).
The MP program:

statement (' £’ :‘hasFather’ ( ()
‘£2:°M02¢, ‘£':'M01’) « true).

statement (‘£’: ‘hasFather’ ( )
‘£3°MO3’, ‘f’:'M02’) « true).

statement (‘£’: ‘hasBrother’ ( 3"
‘£/:'F02’, ‘f£’:'M02‘) « true).

Some query answering with the meta-interpreter:

?- demo(‘owl’:‘inverseOf’ (
‘£’ :‘hasFather’, X)).

X = ‘£’:‘hasChild’;
1 reasoning by adoping c

(ms1), (irue), (1)
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?- demo(‘owl’:‘inverseOf’ (
‘f':‘hasChild’, X)).
X = ‘£’:‘hasFather’;
7 ing by adopting clauses (asip), (ast), (mst), (true), (1)
demo(*f£’:‘hasChild’ (*£:'M01‘, X)).
X = ‘£':'M02';
7 ing by adopting
(ost), (conj), (true), (1), (1)

Aonti; 1,

(acip), (asip), (ast), (mst),

?- demo(‘f’:*hasSibling’ (*f’:'F02’, X)).
X = ‘f£’:'M02°;
7 ing by adopting cl (acsp), (ast), (mst), (os1),
(conj), (true), (3), (3°)
?- demo(*£’:‘hasSibling’ (*£’:*M02’, X)).
X = ‘£':*F02’;
r ing by ad (acsmp), (acsp). (ast). (mst),

(ost), (canj), (true). (3). (4, (3")
?- demo(‘f’:‘hasAncestor’ (‘£’:'M02’, X)).

X = *£°:'M01°;

4 ing by adopling
(conj), (true), (2), (1)
?- demo(‘f’:‘hasAncestor’ (‘£’:*M03’, X)).

X = ‘£7:'M02°;

Ur ing by adopting the cl
(conj), (true), (2). (2')

X = ‘£4:°M01’;
/7 ing by adopting the cl (actp), (acsp), (ast),
(ms1),(os1), (conj), (true), (2), (3), (1), (2°)

) ’,

(acsp). (ast), (ms1), (osy),

(acsp), (ast), (mst), (os1),

VII. SOME IMPLEMENTATION ISSUES OF OUR ONTOLOGY
TRANSFORMATION
ilere we show an example of an MP and an MMP that are
transformed from a part of the family ontology used earlier for
the query answering demonstration, The ontology example
below defines a class Man as a subclass of a class 3 MO1

is a man; M02 is another man who has M01 as his father; Fo2

is a woman and she has M02 as her brother.
A small part of the family SW ontology:

<owl:Class rdf:ID='f:Man’>
<rdfs:subClassOf rdf:resources='#Human’/>
</owl:Class> )
<f:Man rdf:ID='f:M02'>
<f:hasFather rdf:resources='#M01’/>
</f:Man>
<f:Woman rdf:ID='f:F02'>
<f:hasBrother rdf:resource='#M02’/>
</£:Woman>
<rdfs:Property rdf:IDs'f:hasFather’s>
<rdfs:subPropertyOf
rdf:resource="'#hasParent’/>
</rdfs:Property>

After the transformation, we get the MMP:

meta_statement (‘rdf’:‘type’ (

‘f£':'Man’, ‘owl’:'Class’) « .’ ue).
meta_statement (‘rdfs’:‘subClassOf’ (

‘€:'Man’, ‘f‘:‘Human’) « true).
meta_statement (‘rdf’:‘type’ (

‘£°:'M02’, ‘f’:'Man’) « true).
meta_statement (‘rdf’:‘type’ (

‘£’:'F02*, ‘f£’:‘Woman’) « true).
meta_statement (‘rdf’:‘type’ (

‘f£’:‘hasFathex’, ‘rdfs’:‘Property’)e« true).

meta_statement (‘rdfs’: ‘subPropertyOf’ (
‘£’:‘hasFather’, ‘f’':‘hasParent’) « true).

and the MP:

statement ('f’:‘hasFather’ (‘£*

‘£:'M01’) « true).
(tt':\k

*£°:'M02) « true).

TaM02°,

st hexr’ (*£’ 3 F0O2’,

¢ Namespace and Identifier

A fully qualified name of every web resource is used as an
identifier of the corresponding entity in our system. This
identifier is represented in the system by the form:

<namespace>:<identifier>

Here <namespace> is exactly the abbreviation of a
namespace that is defined in the ontology source file and the
<identifier> is the local name of the resource. By using
the fully qualified names for all resources, there will not be a
name conflict in the sys b they are globally and
uniquely defined.

VIIL. COMPARISON WITH OTHER RELATED WORKS

Wielemaker et .al. [5) proposed a logic programming
based approach to transform an SW ontology in the form of
RDF and RDFS to logical triples representing the RDF triples.
They also provided a Prolog library to process and query these
logical triples.

Compared with our approach, firstly their approach did not
make a distinction between object level and meta-level triples,
i.e. their rdf (S, P, O) can beour statement (P(S, 0) «
true) or meta_statement (P(S, O) « true). Secondly,
their approach did not provide any inference engine but used
the Prolog interpreter to be the inference engine. Thirdly, this
approach provided just basic reasoning for some queries
related to class and property relationships, such as,
subClassOf, type, etc., but did not make use of other
mathematical axioms, ¢.g. inverseOf, symmetric, efc, as
being demonstrated below. Finally their approach did not
support reasoning with OWL language.
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For the same family ontology used for the query answering
demonstration in section VI, their transformation will give the
following triples.

rdf (*f:hasFather’,
‘f:hasChild’).
rdf (*f:hasFather’,
‘f:hasParent’).
rdf (*f£:hasFather’,
*f:hasAncestor’).
rdf (*f:hasBrother’,
‘f:hasSibling’).
rdf (*£:hasSibling’, ‘rdf:type’,
‘owl : SymmetricProperty’) .

‘owl:inverseOf’,

‘rdfs:subPropertyof’,

‘rdfs:subPropertyOf’,

‘rdfs:subPropertyOf’,

rdf (*£:hasAncestor’, ‘rdf:type’,
‘owl:TransitiveProperty*).

rdf (*£:M02°,
rdf (*£:M03°,
rdf (*£:F02°,

*f:hasFather’,
‘f:hasFather’,
‘f:hasBrother’,

£:M01°) .
“£:M02°) .
“£:M02°) .

Then they have to use their rdf_has/3 predicate to query
from the triples by using a Prolog interpreter: the example
results are:

Q1: ?- rdf_has(‘'f:hasFather’,
‘owl:inverseOf’', X).
X = *f:hasChild‘;

Q2: ?- rdf_has(‘f:hasChild’,
‘owl:inverseOf’, X).

No

Q3: ?- rdf_has(‘£:M01‘, ‘f:hasChild’, X).
No

Q4: ?- rdf_has(*f:Fo2’, ‘f:hasSibling’, X).
X = *f:M02;

Q5: ?- rdf_has(‘*f:M02', *f:hasSibling’, X).
No

Q6: ?- rdf_has('f:hasAncestor’, ‘f:M02’, X).
X = *£:MO1’;

Q7: ?- rdf_has(‘f:M03‘, ‘f:hasAncestor’, X).
X = *£:M02;

For Q1, Q4, and Q6, their approach gives the same result as
ours, but for £z, Q3. Q5, and Q7 it cannot give the correct
answers like what our approach does (see section VI).

1X. CONCLUSION
We have presented a unified fi rk for
and ing with SW logies using mem-lognc With the
merit of meta-logic, our system can uniformly reason in logic

as well as with classes, instances, properties, and their
rellﬁonships that are defined and stated in SW ontologies.
Be ially, this fi rk can lly be ¢ ded to
mechanize an agent communication of SW informatien.
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the S

ic Web ers onmtologies would be
distributed, but connected

and relsted o ome another,
may foresee a general purpose
engine which cam reasom with these
differeat distributed logies and infer conclusions from them
hmpmulthumuludbylhm. In this paper we
have developed such an inference eagine by adopting meta-logic.
Our m I system coasists of several m ms,
expressing different ontologies at the meta-level, and an inference

logies expressed in RDF, RDFS, and
OWL by: (1) the different ontologies, treated as different
theories, are transformed to some statements, (2)
these meta-logical statements of the different ontologies are then
supplied to the mmh,‘n'uuluhubehgm
answers to the queries posted by the user,

Semantic Web, mulii. logies, met
programming

ing, logic

I INTRODUCTION

The Semantic Web (or briefly “SW™), the next generation
be source of linked semantic

expressed in some XML ~up languages, such as RDF,
RDFS, DAML4+OIL, OWL. etc.. which describe ontologies can
be understood lndmmtiullymedbyammu. We
u:elnauologytodesaibaadoma’nordiswm—cmny
l:indsot’humanlmowledge.

Atd\etimewhwﬂ_nSmmtk Web is replacing our current
web, a large number of ontologies would be incrementally
&velopedlndaddedtoﬂlcweb;meoldmlo‘iesmbe
vefemd.mused.orcxtendcdbymenewomniswillmh
in a large web of distributed but linked ontologies spanning

the Internet.

Essentially, there would be some demand for a browser-
like inference engine which can reason with multiple
ontologies on the SW. This inference engine, which

Mmmnmby&elwlmwww
UICA) under the ASEAN Uni ity N k / South Asis Engincering
Edu Develop (AUN/SEED-Net) Program.
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understood as a agent, can facilitate communication between
other agents to exchange semantic information, inferred from

There have been some research
the problem conceming multiple
rather traditional approach (1] used a global ontology as an
intermediate component for communication among other
ontologies which are all translated to the global ontology. Some -
approaches (2, 3, 4, 5, 6] provide mechanisms for translating a
dataset from one ontology to another, merging among multi-
ontologies, creating the mappings among ontologies, and
querying against multi-ontologies. Due to the fact that ontology
languages like DAML+OIL, OWL are closely related to
Description Logic. first-order logic,
programming approaches like [7) that transform information in
ontologies to logic predicates and define some rules to map
concepts and queries between these ontologies,

Mosxortheabovelppmdmfoanmainlyon how to
handle multi but do not pay much attention to the
problem of reasoning with distributed ontologies. In this work,
however, we have developed a system which can
reason with multiple distributed ontologies on the web.

The rest of this paper is organized as follows. Section 11
mblﬂmmmwndoumbgkwmwhhsw
ontologies, Section Ul presents our ‘meta-logical framework
mduuhnlvmumwhnmwmsﬂionv
deuﬁbumSWmhwmudsmnVlﬂnwshoww
mei(oquerylndmsonwhbSWaﬂobgies.SecﬁonVll
refers to some implementation issues. Section VIII compares
our work - with other related works. Finally, section IX
concludes this paper.

works paying attention to
ies on the SW. A

Il.  OUR APPROACH
lndlisseaim.weﬁuexphinmeneedforlogical
reasoning in the SW. We then address the problem regarding
reasoning with multiple distributed ontologies, and after that
we introduce our framework.

A.  Semantic Web and Logic Programming

SW languages and logic programming languages are
similar in that they are both declarative. In logic programming,




is explicitly described. Given and

implicit knowledge can be derived using some inference
mechanisms. Hence, a logical reasoning system should be used
for this purpose.

programming for the SW, [8, 9] first
mfamedlnfomaionofmswmwnbﬁcpmmm
and then defined rules to manipulate and reason about it.
Alwmﬂvely.inlhkpapawepmposethuwidllogic
programming we can use meta-logic and can easily build a
meta-interpreter to analyze, manipulate, and reason about the
logic program transformed from the ontology. Additionally,
our approach can also reason with multiple distributed
ontologies.

B. The SW with Multiple Distributed Omtologies

Similar to the current web where the web contents are
distributed but linked together. the future SW would be so t0o,
but with its contents being ontologies instead of web pages.
This means that an SW browser would have to reason with
these distributed ontologies.

To ease our explanation throughout this paper, from now on
we shall introduce an example of multiple distributed
ontologies and later use them to explain with our framework
throughout.

A simple and familiar example is a collection of family
ontologies. Here we took a family example from a library of
ontologies [10). This family ontology contains a rather
complete sct of definitions'for describing family relations, For
the other family ontologies. they describe: information about
some European royal families: we took them from [11] and
[12]. These two genealogy ontologies contain a farge amount
of family information but without definitions of family
relations. The three family ontologies represent an example of
mdisuihtedmwlogiu(mlthW)lobemmedbyow
meta-logical system in which relations defined in the first
ontology are used to reason and derive rel ips between
and among members of European royal families in the two
other ontologies.

C. Reasoning with Multiple Distributed Ontologies

Our meta-logical system consists of two pants; meta-
programs for individual ontologies and a meta-interpreter. Each
of the contains a meta-level description of each
onlologyukmﬁomthesw.mis.theonwlogyuplmedin
its native form, e.g. in RDF. RDFS, and OWL languages, is
transformed 10 a meta-logical form. Some elements in one
omoloxynuybenhtedwsaneelcmlnlnodwronwlogy.
The meta- er is the inference engine of the system
which is used to infer explicit and implicit information from
each ontology.

The way the system works can be explained as follows.
Initially the user requests the system to obtain an SW oatology
from the web; this ontology is then transformed to a meta- |
program. Now the user can ask some information from the '

. traverse the links to get the comresponding web resources.
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Meta-Programs for
Individual Ontologies

Figure |.  Our multi-ontologies reasoning sysiem

In the next section the framework of our meta-logical
sysiem is presented. This framework is formulated in meta- }.
logic.

I, OuR META-LOGICAL FRAMEWORK

Our framework forms a logical system consisting of logical
sentencaandminfwmeeen;lne.mhwli:m;:an;so{
2 meta-program representing an SW, ontology; the latter is 2
m y in the form of a demo (meta-)program, which
infers implicit information and draws conclusions from the
former. The also communicates to the Internet to
obtain SW ontologies, communicates with the user (and other
agents) to get SW information, draws inferences for the user,
and traverses a link to an SW or web resource like a wed
browser. Our framework presented in this paper is developed
with the purpose to facilitate the system to reason with multiple
distributed ontologies.

Our meta-logical system for SW can be illustrated simply
as in Fig. 2. Firstly, an SW ontology is retrieved via the
Intemet and is translated to a meta-program. The user cm
query the interpreter which in tum derives answers from the
transformed meta-program. If the answers contain links, it cm

J
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with |
:. n %ﬂ Meta-interpreter
tology, User Meta-Programs
;""’ expressing SW Ontologies
rpreter g
. dll’:
Internet

Scmantic Web Web

ﬂ Ontologics Resources

Figure 2. Our meta-logical system for the SW

! To describe our framework, in the following we first
jvelop two meta-languages of an SW ontology by mapping
g language elements of RDF, RDFS, and OWL into meta-
pguage tems.mdthmgivelnexampleorsomepamofﬂte
fe¢ Mela-programs. Finally, we give details of our meta-
terpreter together with its demonstration on Query answering.

Language Elements of an SW Ontology
r ﬂnhngugeelﬂnenuofnSWomologymdaus.
& : i

s theobjecllevd.lnhmanbem'ndividulonlitnﬂ
‘John’, and a property is a relationship
individuals or an individual's  atrribute, e.g.
; ‘name’. At the meta-level, a meta-instance

: bcmlndividuaanmm.lchs.mduobjec(-kvel

" attribute, eg. ‘subClassof’,

quivalentProperty’, etc. Due 10 the use of

> make.nameuniqueinmSWomology.hmoefonhl
nunelnlnSWmtologywillbewﬁuenns

Space>:<name>, for example,  *f¢:‘johne,

: '.qutvll.nt?roporty'. etc. Next we define meta-

, lems 10 express these clements of the logy

B, Meta-languages of an SW Ontology
In m—loghlfmnewukwedisdn;nuh‘ between the
e “mf:uobjmlwlﬂ:e‘:sv{ v
rel

el work Toe e e o e rlaconsips in the
dnobjeahwunl’ormple.iuﬁcmlwa‘ldmkd\e
father of Tom, but at the *John’ and *Tom’ are
names representing nouns in the sentence.

Momprec-kely.weblukd.nm

® A meta-language for the object level (ML)

Objects and their relationships at the object fevel are
speciﬁedi-ﬂ\eanologmdmishﬁxmaionigexmdu

=P wedin
—> =
— e wtance of

o=

Figore 3. The clements of an SW ontology st the objeet level and the meta-level

Meta-constant specifies a name of, an object and a literal,
€.g. ‘john’, including a reference, €.2. a namespace, an
mme.TbchuerisaMs—eonmtfrwnMML(see

next). This means that ML and MML are not entirely

Meta-variable stands for a different meta-constant at a
different time, €.8. Person.

Meu-lnlcﬁonsyubolmfordlemmeoflulnion
between objects, or of an object’s property—ie. an object-level
predicate name, such ‘fatherOf’, ‘name’. The meta-

i also stands for other meta-level function
symbol, €.g. *e*, *a’, ‘v, s§+, The meta-function symbol
also be a term of the
<ontology_nm>l<m-e.pace> :<object-level -
predicate name> where ‘¥ and *:* are mem-function

symbols, eg ‘onto’#* £’ : ‘fatherof’, and
<ontology_name> and P are meta or
meta-variables.

1 Meta-term is cither a meta-constant or a meta-variable or a

"guages at the object level and the meta-level,

meta-fi symbol applied to a tuple of terms, &g
‘f‘:‘Hl'.'onto'l‘f':‘flthex‘ot'.

303
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To express an object-level predicate, it has the form: » (s,
0) where P is an object-level predicate name, 8 and 0 are meta-
constants or meta-variables (we presume all
sppearing in the tuple are universally quantified), eg.
‘£':fatherOf’ (*£/:'M2¢, *f£':'M1‘). To express a
provability predicate, it has the form: demo(T, »(S, 0)),
e.‘.:‘:to(o, ‘f£':'fatherOf’ (*£¢:'M2¢, ‘£7;'M1°)).

meta-lerm  expressing an  object-level sentence
(sometimes with some provability) is a term »(8, ©) or
demo (T, P(8, 0)) or a logical-connective function symbol
applied to the tuple of these terms. One form of it is a Hom-
clause, eg ‘f‘:‘fatherOf’(F, Ch) « demo(T,
‘P’ :"parentOf’ (F,Ch)) A demo(T, ‘m’:‘male’(F)).

Meta-statement for the object level reflects an object-
level sentence to its existence at the meta-level. It has the form:
statement (T, object-level-sentence), where T is an
ontology name, e.g.

statement (T, ‘f’:‘fatherOf’(F, Ch) «
demo (T, °p‘:‘parentOf’(F, Ch)) »
demo (T, ‘m’:‘male’ (F))).

® A meta-language for the meta-level (MML)

Additionally, an SW ontology defines classes, properties.
and their relationships, and it also describes class-instance
relations. This information is precisely meta-information of the
object level. Here we express this information by MML in our
meta-logical framework. MML includ

Meta-constant specifying a name of an agent, a resource

bwimuanunspaoe,mmtology.mi:mme.awopeﬂy.t
class. and a literal.

Meta-variable standing for a different meta-Gonstant at a
different time.

Meta-function symbol naming a function.

Meta-term is either a meta-constant or a meta-variable or a
meta-function symbol applied to a tuple of terms.

Meta-predicate name naming a relation between entities,
or a characteristic of a property, which may fall into one of the
following categories:

Class-class relations: subclass of, equivalent class of,
disjoint with, etc.

Class-il relations: i of, class of, etc.

Property-property relations: subproperty of, inverse of, etc.

Relations  between literals and instances/classes/
Pproperties. We can see these relations as attributes of instances,

lasses, or properties, e.g. label. etc.

Characteristics of properties: such as functional, some
mathematical properties, ¢.g. transitive, symmetric, etc.

Meta-predicate expressing a relation between entities
having the form of Pred(sub, 0bj), or a characteristic of a
property having the form of Pred(Prop), where Pred is a

iatenmw.m.o»j.mdnop(apmpeny)m
meta-terms, €.8. ‘owl’:‘inverseOf’ (‘f’:‘fatherof’,
*£°:'childof’). Let all the meta-variables appearing in a
meta-predicate be universally quantified.

such as union. ’ ;

Meta-statement being a meta-predicate or meta-predicates
connected by logical connectives. One form of the meta.
statement is a Hom-clause meta-rule. Here are some examples -#.
of the meta-rules:

wmeta_statement (o, ‘owl’:‘inverseOf’ (
*f’:‘fatherOf’, *£’:'childof’) « true)
axiom(t, ‘owl’:‘equivalentClass’(C, EC)

‘owl’:‘equivalentClass’ (C, EC1) A
‘owl’:‘equivalentClass’ (EC1, EC)).

The second example represents a rule for a mathematical
property—equivalence: from now we shall call a meta.
statement which represents a mathematical property as an
‘axiom’® instead of a *meta-statement”.

‘o

IV. ONTOLOGY META-PROGRAMS

Each SW oniology is transformed 1o a meta-program
containing a (sub-)meta-program expressed in ML, we call it
“MP", and/or a (sub-) meta-program expressed in MML, we
call it “MMP™. Another meta-program, which is also needed
for the inferential purpose in our framework, expresses some
mathematical axioms; we shall call it “AMP". The inference
engine requires AMP in order to support reasoning with MMP.

*  The meta-program for the object level (MP)

The MP program contains information of instances and
their relationships in terms of meta-statements for the object
level:  statement(T, P(S, O) « true) and
statement (T, P(S, O) « Body), where Body is a
conjunction of meta-predicates for the object level; the latter is
the rule form for the object level. It is important to note that in
order to specify that the statements P(S, O) « true and
P(S, O) « Body belong to a particular ontology T (stands
for a theory name), we shall put T as the first argument in
statement (); and this form of ontology labeling will be used
henceforth.

©  The meta-program for the meta-level (MMP)

MMP contains description of classes, properties, their
relations, class-instance relationships in term of meta-rules.
Some typical elements of an-MMP program are depicted in
Fig. 4.

*  The meta-program for the axioms (AMP)

AMPconninsulunsforchssumdpmpenia.'_mc
axioms are expressed in the meta-rule form, e.g. the axiom
about the equivalence of classes is defined as follows.

axiom(T, ‘owl’:‘equivalentClass’' (C, EC) «
‘owl’:‘equivalentClass’ (EC, C)).
axiom(T, ‘owl’:‘equivalentClass’(C, EC) «
‘owl’: ‘equivalentClass’ (C, EC1)
‘owl’;: ‘equivalentClass’ (EC1, EC)).

Some typical axioms of an AMP program are depicted in
' Fig. 5.
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lmmwnwnm .. oo "“’*"{53\7;- o
meta_statement (T, rdfe’:*eubClassof’ (C, ) o true). N Clnde
meta_statement(T, ‘oul’;‘equivalentClass’(C, EC) o true). - Ycariae
meta_statement (T, ‘owd: disjointwich (C, DC) « true). #C&DCare
Peta_statement (T, ‘owl:‘unicnot’(C, Cs) o true). #C ls soxdom of clirsesitn G,
meta_statement (T, ‘owl’s*intersectionOf’ (C, Cs) « trus). #Cls tntsrsecticn of classes in Cr
meta_statement (T, ‘owl’:‘complementOr’ (C, CC) o true) #C &s complemint of OC.
mets_statement (T, ‘rdf’:‘type’(I, C) « true). #1isan instance of C,
#mmmmwwm .

wota_statement (7, *rdfs’ : *subbropertyot’ (P, SP) o true). 4P &s cub-property of P,
wmeta_statement (7, 'ovl's‘-qnivalenchvpextr (P,BP) o true). # P & EP are equivalers,
®eta_statement (T, ‘owl’: symmetric’ (P) « true). # P (s symametric,
meta_statement (T, ‘owl’:transitive’ (p) o true) . 4 P is reasitive,
meta_statement (T, ‘owl’:functicnal’(p) o true). 4 P is funcrional,
meta_statement (T, ‘owl’:*inversePunctional’ (P) o true). 4 P ts brverse functionol,
meta_statement (T, ‘owl’:‘inverseof’ (P, IP) o true). # P is Inversion of IP.
Bets_statement (T, ‘rdfs’:‘domain’(P, D) « true). # The domain of the P ts D.
meta statement (T, ‘rdfe’ :‘range’ (¥, R) true). #Therangeof the Pis R

Figored. The MMP program

e

4 the following relations Qf classes and properties are transirive,
‘owl’ ; ‘equivalentClags’ (C, BC) o«

axiom(T,

‘ovl’: ‘equivalentClass’ {C, EC1) a ‘owl’: ‘equivalentClass’ (EC1, EC)).
axiocn (T, ‘rdfs’; ‘subClassof’ (C, SC) «
‘rdfs’: ‘subClassog’ (C, 8CL) A *zags’; *subClassOf’ (5C1, SC)).

axiom(T, ‘owl’, ‘equivucnt?ropcrty' {p,
‘owl’; ‘equivalen
axiom(T, ‘rdfs’; s

EP) o .
CProperty’ (p, EP1) A .‘oyl':'oquivalen:?reperty' {(Em1, 2P)).

ubPropertyot’ (P, SP) o
‘rdfs’; ‘subPropertyot’ (P, SP1)) &

*rdfs’ : *subPropertyot* {sr1, sP)).

axicm(T, ‘owl’:‘samens’ {I, SY) «
‘owl’: ‘sameAs’ (I, SI1) A ‘owl’ 1 ‘sameAs’ (811, §I)).

# the following retations of claszes and properties ore symmerric.

axiom(T,
axiom(T,
axica(rT,
axiom(T,
axioms (T,
axiom(T,

#an tn

‘owl’: ‘equivalentClass’ (C, EC) o ‘owl’; ‘equivalentClass’ (3C, C)).
‘owl’:‘disjointwith’ (C, DC) « towl’;:*disjointwith’ (bC, ©)).
‘owl’; ‘oquivalent?topeny' (P, BP) «
‘owl’: ‘inverseot’ (p, I?) « ‘owl’:‘inverssot- (xp, P)).
‘owl’ ; ‘samens’ (I, £I) o ‘owl’:‘sameds’ (ST, I)).
‘owl’ :‘differentProm’ (1,

‘owl’: ‘equivalentProperty’ (EP, P)).

DI} « ‘owl’:‘differentFrom (DI, I)).

d‘. N}
axiom(T,

I3 also an i of its super closs.

‘rdf’:'type’ (I, C) ‘rdfs’ s *subClass0f’ (SC, C) « ‘rdf’: ‘type’ (1, $C)).

lmmwmd'mla

axiom (T, P(S, 0) o
wdom(T, P(S, 0) o
miom (T, P(S, O) o
wiom(T, P(S, 0) o
=xiom(T, P(S, 0) o

‘owl’:‘inverseOf’ (P, IP) a IP(O, 8)).
‘rafs’ : ‘subPropertyof’ (SP, P) a £P(S, on.
‘owl’:‘equivalentProperty’ (P, EP) A EP(S, 0)).
‘owl’: transitive’ (P) a P(S, 01) a Plo1, 0)).
‘owl’ :‘sysmetric’ (P) o ®to, 8)). .

(atec)

(atsc)

. {(atep)

{atsp)

(atsa)

(asec)
(asac)
(asep)
(asip)
(assa)
(asdg)

(asic)

(acip)
(acsp)
(acep)
(actp)
(acsmp)

Figure 3. The AMP program
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V. THE SW META-INTERPRETER (SWMI) FOR MULTI-
ONTOLOGES REASONING .

A meta-interpreter, yet snother mcta-program in our
framework, takes MPs, MMPs, snd AMPs—the two sub-
meta-programs transformed from the SW ontologles and the
axiom meta-program—as the inputs to process and reason with,
This interpreter is an extension of the Vanilla meta-interpreter
proposed in [13].

The definition of demo/1 in [13] has been extended and
simplified t0 demo/2. So demo(T, A) means the snswer A
can be inferred from the theory T. This interpreter can be
undersiood as a kind of the Vanilla meta-interpreter {13). Here
uaniIhm»hwmkmwueformn!ng
with multiple ontologies on the SW where we have identified
theee kinds of meta-tevel statements, (1) meta-statements for
the object level represented by statement (T, A o B), (2)
meta-statements, for the mets-level of an ontology, represented
by meta_statement(T, A i B}, and (3) the mathematical
axioms represented by axiom(T, A « B). The definition of
demo/2 is given as follows. .

dexo (empty, true).

demo (T, demo(T. A)) « demo(T, A).

demo (Tl VU T2, A) o
statement (T, A ‘e’ B) a
demo (T2, B).

demo (Tl VU T2, A) o
eta_statement (T1, A ‘e’ B) &
demo (T2, B).

demo (Tl v T2, A) «
axiom(TLl, A ‘e’ B) A
demo (T2, B).

deso(T1 U T2, A ‘A’ B) o
demo{T1, A) a demo(T2, B).

{true)
(ref)
{ost)

(mst)
(ast)

(conj)

The clauses {true), (ost), and (conj) form the Vanilla
meta-interpreter. The clsuse (ref) ‘is rather {nteresting. This
means that when the meta- tries to prove demo (T,
demo (T, A)), it will prove demo (T, A) by a reficction.

For distribuced ontologies, some ontologies may be referred
to in other ontologics. In this case while demo () i reasoning
widnmomologiuwdeﬁvemm.mismyuquhethe
demo() 10 reason with another unavailable ontology as well.
Here we should add another demo () clause to allow the demo
mmmmmﬁmbmmmm
then tansform it to MP and MMP, and can finally resson with

it to complete all the inference steps so that it can derive the
answer.

demo (T, demo(T, A)) «
unavailable(T) a
retrieve(0, location(T)) a
transform(O, P) A .
demo (P, A).

(retr)

With this new clause (retr), demo() can now work ,
snalpgously to a web browser.

* ontologies for the demonstration. Due to the size of the three
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deso (T, demo(T, A)) o
unavailable(T) »
find_server(s, return_server(T))
get_connected(S)
ask_servex(S, demo(T, A)) a
discoanect () .

This clause makes demo () function Iike a service provider
in the current web sesvice technology.

Given all above demb clauses, an answer A can be inferred
from demo () iudill‘mways:ﬁsdynmlybehfmadming
some statements in one or many MPs, and/or using meta.
stateruents in MMPs, and/or using axioms in AMPs. The
inference may require demo() to retricve some ontologies
from different sources on the SW or to post demo (A) to other
remote SW servers to obtasin the answer.

VI. QUERY ANSWERING USING SWM!

Given an MP, an MMP, an AMP to SWMI, we can now
query SWMI to obtain explicit and derived information from
the distributed SW ontologies.

- In the following we use the three genealogy ontologies
taken from [10, 11, 12] as an example of muhiple distributed

ontologies, only some parts of them are shown in Fig. 6.

In this figure, the CMP has meta-statements defining some
rules for mapping the relationships among three oatologies,
e.g., the first meta-statement cfl states that the property
‘b’ : *place’ of the bbn_ged oatology [11] and the property
‘a’:*location’ of the drc_géd ontology [12] are
equivalent; the second meta-statement is a rule defining the
relation *£°: ‘hasPather’ (from the family ontology) based
on the relations ‘b‘:‘sex’, °‘b‘;‘spouseIn’. and
*b’ ¢ *childIn’ from the bbn_ged ontology. FMP and CMP
are both required, as demonstrated in Fig. 7, for supporting the
mets-interpreter to perform reasoning in order to derive many |
knplicknhtiauﬂlﬂuenadclhedo&plichlyindmg
ontol

H
The FMP concains meta-statcments about the refationships |
(inversion, sub-property) and the characteristic (symmetric) of 5
the properties “f¢:‘hasPather’, °£‘:‘haschild’, z
*£°:*hasBrother’,snd *£°: *hasSibling’. :

BMP and DMP give information of some family refations
using different terminology but these celstions are somehow |
related to the family relations in FMP. Kb

The demonstration of query answering is shown in Fig- 7§
According to the demonstration, the queries ql and q2 &%
related 1o just the family ontology [10]. That is, 10 nnswu'ql:.
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o

| 2

relationship definkions
umnyontdogy.te.ﬁnddhhiomor'z'vmnmr'
od °!'x'ms1u1ng',muedhmehm;um
for answering the queries about the relationships of the
individusls in the bba_ged ontology; this s because the

C&i?:”‘bmmfwwmﬂdop
WSLa statement (bbn u drc,
'ovl':‘oquivalene?ronny'('bh"‘b’s‘plm’. *dre’#+d’: *location’) o true) .,
Weta statement(fo u T, *£o’#°f’:‘hasPather’ (Child, Pather) o
demo (T, ‘bba’#°'b’; ‘gex’ (Pather, *¥’)) o
demo (T, ‘bba’#°d’ : ‘spouseln’ (Pather, Pamily)) o
demo (T, ‘bbn’§*b’;: ‘childIn’ (Child, Family})).
weta statement(f0 u T, *f£o’#°f’:‘hasBrother’ (Person, Brother) o (c£3)
demo (T, ‘bbn’#°'b’: gex’ (Brother, *M’)) &
demo (T, *bbn’#'b’ ¢ ‘childrn’ (Brother, Pamily)) a
Qemo (T, ‘bba‘#'b’; childIn’ (Person, Pamily})).
meta statement (drc u ¥, ‘drc’#'d’:‘husband’ (Husband, Panily) « - cte)
demo (T, ‘bbn’f#'b’; gex’ (Busband, *M‘)) «
demo (T, ‘bbn’# ‘b’ : *spouseln’ (Husband, Panily))).

- BMP: Mesa-program for the Bbn_ged ortology

(cf£1)

(c£2)

statement (bbn, *bdn’ g b’ s *marriage’ (*bbn’§'b’ s *eF01e’, *bbn‘# b’ 5 ‘eventoOli’) « true). (b1)
statement (bbn, ‘bbn‘g#'ne; ‘place’ (*bbn’#'b’; ‘event01l’, ‘Grafton Regis’) e true). ° (b2)
statement (bbn, ‘bbn‘$'b’:*sex’ (*bbn’ §°b* ¢+ *61010°, *M‘) « true). (b3)
statement (bba, ‘bbn’#'h’; *spouseIn’ (*bbn’#'b’: *01010’, ‘bbn’#'b’: ‘eF01@’) o+ true). (be)
statement (bbn, ‘bbn’#'b’: gex’ (*bbn*#'b’: *e1020', 'M’) « true), (bs)
statement (bba, ‘bba‘§ b’ *childIn’ (*kba’#*b’ ;ero2e’ o ‘Bba’# b’ :'er01@’) « true). (be)
statement (bbn, ‘bbn‘g b’ :"sex’ {*bbn’#'d’ ; “@I03e°, *P’) « true). {b7)
statement (bba, ‘bbn’#'b’; 'childIn’ (*bba’#'b’ :°@1030’, ‘bbn’#'b’; ‘OP01e’) o true). {(ba)
mhlkbmufwtlufwmag

Beta statement (fo, ‘owl’:inverseof’ (*fo’#°£’;: hasrather’, ‘fo'g g’ . ‘hasChild’) « true). (f£1)
®ata statement (fo, ‘rdfs’:* Property0f’ (*£o’8°¢’ s *hasBrother”, (£2)

‘£0’8°2¢ : *hasSibling’) « true).
Beta statement(fo, ‘owl:‘symmetric’ (*for§'f’; ‘hassSibling’) + true). (£3)

DM'P:}Iaa.mmﬁrlb Dre_ged ontology .
Statement (drc, ‘drc’#'d’, *location’ (*drc’ #°d° : ‘event1139’ . ‘Dartford’) « true). (ax)

-
T

Figure 6. The MMP and MP programs for the domonstration
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BT R P T S T s e s vy Lrage o e T g GECERE I
N IRE e OVl nvaraeOL S ST RAE N ‘BanFatbert L KD -
i R T X M ESTH LY Ihaachiila R
1ot s

ratas PN . 1T .
- Hirecsiing by adopuing clakses (vuc) (wad wnd ) =" °
7- demo(T, “+oWl’s inveineot  (‘fo' #'2¥ s ‘maschire’, X)).
T fo, X w£0' 812" ‘hasFathervy T I

# reasoning by adopting cloxses (rue), (s, (est), (estoh, and 1)
7- demo(T, ‘fo’#’2’;: hasPather’ (‘bba’s'b’:'eI028°, X)).

T = fo U bbn, X = ‘Lba‘#'b’:‘er01e’;

v ing by adopeing clauses (irue), (ref), (0o0), (ms(), (asy), tcon), (f2h (B3). (4], and (b6)
?- demo(T, ‘fo’#°f’:‘hasSibling’ (*bbu’8s'b’:'e102e, X}}.

T « fo U bbn, X «» ‘bbn’#'d’:'eX03e°; ’

o ing by adopting claxes (rue), (ref). (os(h, fms®), (ast). (cond). (acspy. 02). (i3). (8S), (B). and (B8)
?- demo(T, '£o°#'f’: hasSibling’ (*bbu’l°b’: 810387, Xi).
T = fo U bbn, X = ‘bba‘e b’ : @I020’; .
7 Ing by edopsing clawses (irue), (vef). (os0) (msy), (g tcom), (ocspy. facsmp). (2}, 0. (f3). (BS). (bS). end (B8)

?7- demo(T, ‘drc’#°d‘:‘location’ (*bbn’§ b’ :‘svent0l’, X)). . {qs)
T = drc U bbn, X = ‘Grafton Regls’; . {
#” ing by adopting cl (irsee), (ref), (cst). (mst), (ast). fooni). (asep), (acep), (cf1). and (b2) . i
?- demo(T, ‘drc’#°d’ : *husband’ (*bba’#'b’ ; *‘0101e°, X)). (g7
T = drc U bba, X = ‘bba’#'b’; *eroi1e’; -
# reasoning by odapting clawses (irwe). (ref. (ost), fms1). (ast), {con), (cF4), (83). ond (b4)
Figwe 7. Query snswering widh the SWIM]
®meta_statement (bbn, ‘rdf’:‘type’ (
VI IMPLEMENTATION ISSUES ‘bba’#°b’ : *OF018’, °‘bbu’8'b’; ‘Pamily’)).
Before reasoning with SW ontologics, the omologies have meta_statement (bbn, ‘rdf*:‘typa’(
to be transformed to MhlndMMl’:.‘lbeRDmeem_s *bba’#'b’ : ‘@101, . -t
expressing the definitions of classes, propesties,  their ‘bbn’#'b’ : *Individual’)).

relationships, and class-instance relationships are translated to
mcta-statements that form the MMP, while the RDF stssements and the MP:

expressing information and relationships of instances are statement (bbn, ‘bbn’#°'b’: ‘marriage’ (
nhmlned to statements that form the MP. The oatology ume| ‘bbn’ #'b’ : *eroie’, °‘bbn’#'b’:‘eventol’)).
added to the first argument of every meta-statement s wel statement (Ebn, *bbn’#°b’: ‘sex’ (
::.memeofevetym. Aﬁermf:ng:n:mloﬁa *bbn’ #°b* : *@T010%, ‘M°)).. .
meta-programs, assert them knowledge
bese of the meta-interpreter to perform reasoning. statement (bbn, ‘bbn’#'b’: ‘spouseln’ (
Here we show an ic6fan MP snd an L ‘bbn’#°b’ : ‘01016, ‘bbn’8'h’:'@F01e°)).

transformed from & part of the bba_ged genealogy ontology,
:nwdu;nb;‘; lnwsysmmmloumphbelqlwy ¢ Namespace and Object Identifier
fines a *@P010’ as an instance of the class Fami s

% A ful lified name of every web resource and 23
and baving the marriage event *eventoi’. It also defines 2 owbgyu:xmcombinedtofammideuﬁﬂcrd“
man ‘01010 as an instance of the class *Individual’ and comesponding  entity in our system. This idemtifier i
3 2 spquse in the family *@F010-. The *b’ is the abbreviation represented in the system by the form: o
of the aamespace of the bba_ged ontology. o

<ontology_name>f<namespaces:<identifiers

<b:Pamily rdf:IDe=‘b:evole’> . .

<bimarriage rdf:resources'b:eventol’s “i‘;’“ﬁ;wmlmsn;:;m:f :he ‘p.:::ha w“ :
</b:Family> abbreviation of a namespace that is defined in the ontology 3
<bi1Individual rdf:ID='b:@I010'> source file and <identifiexr> is the local name of &'_

<b:sex>Mc/b:sax> resource. By using the fully qualified names of resources, thae

<b:spouseln rdf:resource='b:erole’s will not be a name conflict in the system because they are
</b:Individual> ;det'med globally and uniquely. The <gntology_nll:)’:
ARer the transf jon, we get the MMP: ‘treated us a name for the theory T in dewmo(T, 5

statesment (T, _) in our frmework.
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R,
: VI, COMPARISON WITH OTHER RELATED WORKS REFERENCES
There wre some works on SW ontologies that also selated to 1) A. Femandas, A. M. 4 C. Mours, snd F, Porta, “An Ontology-Based
’ w.w,mﬂmw%mu
""‘”’“’g‘:‘mh‘o?“l Wwe do the comparison between our uw.hm«uxuwmvam'umu
spproach end some Expent Systems Applications, pp. 604-609,

Wiclemaker et .al. (5] a logic @) D. Dow, D\ McDermott, 504 P. Qi, “Omtolegy Trassiation ce the ;
spproach to transform an SW ontology in the form of RDF and m:’_‘:"""““;‘_“"-"‘"." o 3005 " ]
mwmbzhdhiplamdnmtﬁplu Bosest ‘O!IIOII_'TIlIiI Somantic
M"”Wlmw&'wwmndmm o l'-ld.'“h-‘:;e. of the lmsraationsl Werkshop :’:w
logical triples a the object level using a built-a (Prolog) Computing lakiative, May, 2005,
interpreter, Compared with our approach, firstly thelr approach ) B XuP. Wang. J. L, Y. LL aad D, Ksog, “Theory sad Semantic
did not make a distinction between object level and meta-evel Refioemet of Bridgs Outology Based oa Muitiomtologics™, la proc. of
triples, Le. their raf(s, p, 0) can be our scatement (T, he IﬂWCﬂMuTn&ﬂWlﬂdﬂm
(3, 0)) and'meta_statenent(T, P(5, 0)); sad they Pp. 442449, Novenber, 2004,

did mot support for reasoning with muktiple ontologies.  [9) wﬁhﬁmﬁwmwi"ﬁ:
Secondly, their approach did not provide any inference englne M""_'m"" ® 8 proc. of the Semanic P PP-

but used the Prolog lnterpreter 10 do that job. Thirdly, their p Maadche, ~Ometogy for Fodoratod
approach provided just a simple way of reasoning for some 19! g]-.mn"u&s”& Web™, a p:":rh'umm 1
quaiauhoedwclmmdpmpmyvehﬁmips,axhs. wmurmermumwn i
subClassOf, instanceof, etc, but not :‘:r other m-m.m:;“ Logie .
mathematical propertics, e.g. & e0f, syrmet ecin . & N. Grosof Horvocks, ~Descriptioa Programs: Combining

O gy © T R S et ey

Peer [9] also proposed a logicpmgmnmhgnppmchto} 8) ). Wiclomker, G. Schreder, and B. Wicliaga. “Prolog-besed
woek with multiple ontologies where RDF statements are Intrastrocters for RDF: Scalability and Porformence™, LNCS, Volume
translated 1o triples, and queries are represented I term of o msmmm‘“‘“-w N XOF Do o
Hom clauses. This approach also proposed a mechanism for . Pecr, = Pro 5 App
translating a set of RDF data and RDF queries from one RDF i egionse 8 proc. of the 156 Ewepean Conterence on
doqmuutommerbydeﬁninglmnppingscthimihﬂy 110} The ey s b9, Y.
Peudiddldmndneobjeukve“tismmmiblewm ,Wﬁbm ¥ o
with different theories at the meta-level, (13] The tbm "‘z.m ontology. - httpHwew.dami.org/2001/01/

IX. ConcLusion uzxmtuummhn. - MtpSforlendo dre comvd: logy/

We Iuvepmposednmeuological framework for a logical ALY A e,

Kowslski “A Metalogic Progranuning approach to
o the SW o "eason with multple dstributed oailogies (1) ], 4 Kokl nd 1. 5. Kl -4 Mtoric g Teeiigence. and
on the SW. This system consists of many meta-programs thematical theory of computation. pp. 231-246, 1991,
transformed from many distributed ontologies and an inference
atghcdeﬁnedbyadmpmdica&.nissysmnmmmly
be extended to mechanize » simple multi-agent communication
for multiple distributed ontologies.
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A Meta-logical Approach for Multi-agent
Communication of the Scmantic Web Information
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King Mongkut’s Instituts of Technology Ladkrabang, Bangkok, Thailand
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Abstract. The success of the semantic web would be determined by how easy
and uniform % access to and exchangs of the ic infi ion among
computers. In this paper wo have developed a framework of multi-agent
communication of the Semantic Web information. The agent and the communi-
cation b sgeats are ch rized in meta-logic. One simgle agent, under-
$100d a8 a mcta-logical system, adopts s demo (. ) predicats a8 its inference
engino end motap £ d from somo St ic Web ontolo-
gies—es ils aesumptions. Such an agent can foas0n with its aseumptions as well
a3 other agent’s assumptions. With this ability, when soveral agents are created
by wsing this frrmework, the commumity of thess ageats can uniformly com-
municate the Semantic Web information betwoen each other oa the Internet.

1 Intreduction

The saccess of the Semntic Web (or briefly “SW™) would be similar to that of ths
w&h&ahmhmﬂy“m&muﬂuﬁfmmbmbm
exchange of information among the computers on the Intermnet Dus io this
significance, in this psper we shall proposs a model of communitation of semantic
SompnviouaworhonnwmmhadeWmZoua.d.[ﬂused
SWhmuﬁveanMnﬂ‘swmdbowbdp
Mbmwmmmhm[ﬂpnumdnmﬂﬁ-mm
M&gpp&ﬁonhwﬁddnmmmwbyswwm
encapeulated in the agents, In [6), an agent is built to perform scheduling with
distributed ontologies about events, ¢.g. conferences, classes, published on the SW.,
Mwmmmhlyrdawdbmlmmeswwchmlogyinnmﬁ-
,agent system. However in SW there exist a large number of availzbls distributed but
linkedomobda.hmbuedonourpwvi«.wmkmbmhpapamueeon-
cunedvﬁ&mﬂhgmcommicnﬁmaﬁmmﬁngwimdim'hnedomom
The rest of this peper is organized as follows. Next we give an overview of our
framework. Section 3 presents our meta-representation of SW ontologics and section
4 describes our single agent architectiire. Section 5 describes the meta-interpreter, the
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agent’s inference engine, and section 6 introduces multi-agent communication.
Section 7 shows how to query and reason with SW ontologies by multi-agent com-
munication. Finally, we discuss about other related works and conclude this paper.

2 Our Framework

In our previous work [2] we spplied meta-logic 20 develop a meta-logical system
behaving 2s an agent, and in this paper such an agent framework has been extended to
work as a8 web browser, a web server, or even a web-service provider, in order to
comsmunicats with each other in a multi-agent communication fashion.

The meta-logical system for one single agent consists of three main parts:
meta-programs for multiple ongologies, a meta-interpreter, and the communication
facility. Each of the meta-programs contains meta-level descriptions of ontologics
from SW, That is, the ontologics expressed in their native form, e.g. in RDF, RDFS,
and OWL languages, are transformed 10 a meta-logical representation. Some elements
in one ontology may be related to some clements in another ontology. The meta-
interpreter is the system’s inferencs engine which is used to infer implicit information
from the multiple oatologies. The communication facility suppocts the communica-
tion among the individual agents. One block in Fig, 1. illustrates one agent.

SW Ssrver

Serdce B aon be provided by sgant A1,

Sandos 82

Pig. 1, O i ;‘W.«. =

Whea several ageats of this kind are formed 2s an agent community, the way the
multi-agent system works can be explained 28 follows. Initially the user querics an
SW browser to get answers from an SW ontology on SW. The browser can perform
two alternative ways. Firstly, it may retrieve this ostology from SW, transform it into
a meta-program, and finally reason with the mets-program o infer the answers; if
some clements in this ontology are selated to some elements of another ontology, the
interpreter will try to reason with that ontology in itself (by retrieving it first), or
request reasoning of that outology in an SW server and obtain the answers from that
server, and this scenario may repeat itself. Altematively, the browser passes the query
to an SW sever to answer and gets the answers back for the user. The server infers
those answers based on its inferential results which sometimes also require support of
the inferential results derived from other servers. In cass the browser does not know

181




wﬁchéWmmamwer!haqu.itwiﬂeomﬂnheSavioeAdverﬁsingSm
which gathers information telling which SW server can provide what service. The
browser then uses this information to communicate with the selocted server directly.

3 The Meta-Langnages and the Meta-Programs

lnﬂxissectionwedeveloptwomeu:hnznaguolmSWbmologybymnppingme .

language elements of RDF, RDFS, and OWL into mets-language terms.

* 3.1 Language Elements of the Semantic Web Oxtology

The language clements of an SWontology are classes, properties, class instances, and
relationships between and among them described in the object level and the meta-

level as illustrated in Fig. 2. At the object level, an instance can be an individual or a .

lnuﬂdldmndumhankﬁmshpbammdm“umm

tionship between and &mong meta-instances, or is a meta-instance’s attribute, Next
we define meta-logical terms 10 express these elements of the object and meta levels.

Fig. 2. The claments of an SW ontology st the cbject level and meta-lovel

R SN -, ¥

32 Meta-hnguaga of the Sennﬁe Web Ontology

In our meta-jogical framework, for an SW ontology we distinguish between its object
and meta levels, and similarly its object and meta languages. Consequently, we have
formulated two meta-langnages; one discusses mainly about objects and their
mhhmhps,wccaﬂn“mu—lmguagnfordwobjecﬂevd(ML)‘mddwoM
called “meta-language for the meta-level (MML)", discusses mainly sbout classes,

. class instances, propertics, and their relationships. Due to some connection between

the object and meta levels, ML and MML are slightly overlapped.

© A meta-langusge for the object level (ML)

Objects and their relationships at the object level as well as some provability and
references at the meta-level are specified in an SW ontology and this information is
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expressed at the meta-level by the elements below, (Note that the linguistic elements
of provability arc a part of AgeatML (sce section 5) and the linguistic clements
expressing references are a part of MML.)
Mﬂamulpeaﬁaamwofmobjeamdlhml.e; ‘john’, including &
reference, e.g. 2 namespace, an ontology name.

Meta-variable stands for a different meta-constant at a different time, e.g. Person.
Meta-function symbol stands for the nama of a relation between objects, or os an
object’s propesty—i.c. an object-level predicats name, such es ‘fatherof’,
snane’ — and also stand for other meta-level function symbol, e.g. *«*, *a?, *:°,
including the pame of provability predicste, i.c. demo.

Meta-term is cither a meta-constant or a meta-variable or 8 meta-function symbol
(probably labeled with a name prefix) applied to a tuple of terms, e.g. £: *M1° .

To express an chjcct-leve] predicate, it has the form: P(8,0) where P is an object-
kvelp:ednmtenme.SudOuemcn—comtsummfvmabla(wepman
mmbluappamgm&euphmmvuunqumﬁed),e.g,
£: ' fathexOL’ (£:°M27,£:*M1’). To expeess a provability predicate, it bhas the
form: dama (A, T, ?(8,0)), ¢.g demo(a,0, £:*fathexr0Of’ (£:°M2°,£:°M1*)).

The meta-term expressing an object-level seotence (sometimes with some
provability) is a term »(8,0) of demo (A, 7,2 (8,0)) or a Jogical-connective func-
tion symbol spplied o the tuple of theses terms. Ono form of it is a Hom-clause, e.g.

£3‘fatherof’ (P,Ch) «demo (b, T,p: *parentOf’ (F,Ch)) A

demo (¢, T,m: *male’ (F)).

. Meta-statement for the object level reflects an cbject-level sentence to its existence
at the meta-level. It has the form: statement(?,objact-level-seatence),
where 7 is an ontology name, &.g.

statement (7T, £: *fathexOf’ (¥,Ch) + demo (b, T,p: ‘pazentot’ {B,ch)) a
demo{c,T,n: 'nale’ (F})).

. Amwmmm

Additionslly, an SW -ontology defines classes, propertics, and their relationships, and
aleo describes class-instance relations. This informstion is precisely mete-information
'__ofthcobjaakvd.ﬂmwemdﬁshfmbymmhmdﬁx

Meamm:pecxfymgnmmeofmuul.tmmloanon.:nmme.m
ontology, an instance, & property, @ class, and a literal.
M&Mfua&ﬁu&mﬂadﬁmm
‘Meta-function symbel naming a function, e.g. port, protocol, .
Meta-term is cither & meta-constsnt or 8 meta-varisble or 8 meta-function symbol
applied to a tuple of terms, 6.g. poxt (86), protocol (http) .

In our framewotk, a pame of ontology, class, property, ete., can be referenced by
s meta-term in these four forms: uniquename Of nanme;namae Of namespacefinane,
e.g ‘*http://foo.org’#*family.owl’, OF locationinane, &.8. location(
protocol (http),port (80), ho-t(‘!oo org’),path(*/*)) # ' Lamily.owl’,
Meta-predicate xame naming a relation between entities, or & characteristic of a
property, which may fafl into one of the following categories: class-class relations,
class-instance relations, propesty-property relations, relations between literals and
instances/classes/propesties, and characteristics of propexties [2].
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Meta-predicate expressing a relation between entities having the form of
Pred(sub,0dbj), or a characteristic of a property having the form of Pred (Prop),
where Pred is a meta-predicats name, sud, obj, and Prop (a property) are
meta-terms, 6.2 inverseOf (f:'fatherOf’,f:'childof’). Let all the mets-
vamblalppmm;mnm-pwdmbemmuﬂyqumﬁed
Meta-operator expressing a set operation between classes such as union.
Mets-stater..at being s meta-predicate or meta-predicates coanected by logical
connectives, One form of the meta-statement is & Horn-clause meta-rule. Here are
some examples of the meta-rules:
meta_statement (o, inverseOf (£:’fatherOf’, 1 'childOf’) «true).
axiom(t, oquiClass (C, EC) +equiClass(C, EC1) nequiClass (EC1,EC)).

The second example represents a rule for a mathematical * umg:.

33 Meta-programs of the Semantic Web Ontology

Each ontology is transformed into a meta-program containing a (sub-)meta-program
expressed in ML, called “MP”, and/or a (sub-)mets-program expressed in MML,
called “MMP”. Another meta-program expresses some mathernatical axioms, called
-W.mwmmm@mmrtomﬁmmmm.
e The meta-program for the obfect level (MP)
Mrwmmhfom-ﬁonofinmummeumhnomhpnmofm
statements for the object level: statement(T,P(S,0) «-true) and state-
ment (T, P(8,0)«Body) , where Body expresses a conjunction of object-level predi-
cates and soms provabilities; the latier is its Homn-clause form. Note that o state that
m.wwwmmm(mmw)rmwrnhfmu-
gumoent in statement () ; and this form of ontology labeling will bo used hencefosh,
°  The meta-program for the meta-level (MMP)
MMP containg description of classes, propersties, their relations, and class-instance
daﬁoushhhuﬁuofmﬂnﬂmumm[eohminm
notl lucmm: ('r,cquichn (cl,c2) e-txue). Hcl &c2areequivalent,

™ The meta-program for the axloms (AMP)

. AMP contains axioms for classcs and propesties. They are expressed in the meta-tule
fmfwmlc.tbcmomabm!ﬂneq«ﬂvdmd’chuuudeﬂnedufolbw&

# the Ient relasion of ck iz transitive and symmetric.

nxxo-('r, equiClass (C, BC) «equiClass(C, EC1) nequiClass (EC1,EC)).

axion(T,equiClass(C, BC) «-equiClass (EC,C)).

4 Single SW Agent Architecture

An agent in our framewoek is denoted by <Meta-interpreter, Knowledge Bue,
Communication, Historical Memory, Transfi ton> whose P
depicted in Fig. 3 and can be described as follows.
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Fiz. 3. Single SW Agont Architocture

The Transformation module transforms ontologies obtained from SW into MPs,
MMPs, and AMPs. The Knowledge base stores these three kinds of meta-programs.
The Meta-interpreter reasons with the meta-programs in order to answer the query
posed by the user, and communicates with other agents to get ontologies or answers
for 8 query. Historical memory stores information required for advancs reasoning by
the meta-interpreter, such as backtracking b v ive s dezived from
several agents. Communication module facilitates communication with other agents.

S Definition of a Communicative Demo

The meta-interproter is an extonsion of the one proposed in {2). The definition of

dewo/2 in [2] has been extended to Gemo/3. For demo (Agent, T,A), it means an
ansquanbeinfared&omatheogyrbynagmhgcne: Here the Vanilla
meta-interpreter (1] is sdapted for reasoning with multiple ontologies on SW where
wo identified three kinds of meta-level statements, (1) statement (T,A+B), (2)
meta_statement (T,A+3) for the meta-level of an ontology, and .(3) the mathe-
matical propesty axioms axiom (T, A B} . The definition of demo/3 is as follows.
demo (_, smpty, true) . (true)
deso (Agent, T, deno (Agent’ ,T,A)) + demo(Agent’,T,A). {ref)
deno (Agent, TIVT2,A} (ost)
statement (T1,A *+’ B) a demo(Agent,T2,B).
demo (Agent, TIUT2,A) & ' = "7 7 . B (wst)
meta_statement (T1,A ‘+’ B) A demo(Agent,T2,B).
demo (Agent, TIV/T2,A) « {ast)
axion{Tl,A ‘e’ B) a Gemo(Agent,T2,B).

demo (Agent, TI/TI,A A’ B) (conj)

demo (Agent,T1,A) A dewo(Agent,T2,B).

The clauses {txue), {ost), and {conj) form the Vanilla meta-interpreter. The
clause (ref) states that when the meta-interpreter tries to prove demo (Agent,T,
demo (Agent* ,T,A) ), it will prove demo (Agant*, T,A) by a reflection.

For distributed ontologies, some of them may be referred to in other ontologies. In
this case while demo () is reasoning with an ontology to desive 2a answer, this may
chﬁxekmmwhhmmnﬂabhmgy.me.mwadd
another demo () clause to allow demo () % retricve that ontology which is sharable
from its location oa the web, then transform it into MP and MMP, and can finally
reason with it to complete all the inference steps so that it can derive the answer.
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dewo (Agent, T,demo(Agent’,T,A)) « (retr)
unavailable(T) a wydName(Agent’) a ntxieve(o,locauon('r)) A
transform{0,P) a demo(Agent’,P,A).

With this new clause (retr), demo() anuowworkmalogwslyb.webbmw:cr.
Additionally, suppose that each segver storing an ontology is equipped with this
demo () definition. Now for the demo (at the client) to derive an answer from an
unavailable ontology; this can be done casily by that the demo () at the client sends
the query (for an unavailable ontology) to the server, which has that ontology, to
answer the query. For this to be done, we may add two more demo () clauses:
demo (Agent,T,demo(Agent’ ,T,A)) o {certain-agent-comm}
not wyName (Agent’) a knovn(xgent‘) A unavailable (T) a
agentLocation(Agent’,T,Ch 1) A (Agent’,Ch 1) a
comnicatomgant',duo(ngent',? A)) a di-connect (Agont'
demo(Agent,T,demo(Agent’,T,A)) « (applicnhlo-agent cowmm)
Agent’) a unavailable(T} »
findAgent (Agent’ ,T,Channel) a connect (Agent’,Channel) a
communicate(Agent’,demo(Agent’,T,A)) A disconnect (Agent’).

In the last clause, demo () searches for an agent who caa provide the service by
asking this information from a scrvice sdvertising server (see section 6),

Givea all sbove demo clauses, an answer A can be inferred from demo ) in differ~
ent ways: firstly A may be inferred using one or more statement in one or many MP,
and/or using meta-statements in MMPs, and/or using sxioms in AMP. Alternatively,
the inference may require demo () 10 retrieve some ontologies from different sources
on SW or to send demo {Agent, T,A) 10 other servers 1o request for the answer.

e Meta-language of the agent (AgentML) .
AgentML is 3 meta-language we use to formulate the agent <Meta-laterpreter,
Knowledge Base, Commmnication, Histerical Memeory, Transformation>. It dis-
cusses sbout the agent’s components, such a3 the deno () definition, the agerit name
Mmmmdmmoﬂdow(&kpmhmwdmmmdm
comhnounication methods and facilities, other agents and their ontologies, and 50 on.
o Agent creation and the ageat’s Blecycle |
o Tomndmgmapthﬁggggmmfdbﬁum(l)maw
nare {0 the new agent by assérting wyWame (agentName); (2) 52t up its communica-
mmmmmwwanmmmm
- means that the agent will keep listening to the commumication channels to get a

request from the user or from other agents, and response to that request accordingly;
when the response is done it returns back to the observation stage again,

6 Multi-agent Communication
An individual agent created by our ageat framework can behsve in two fashions, One
is to work as an SW browser and the other is to work as an SW server. The only

difference between them is that the former communicates with a human user and SW
servers, whilst the latter communicates 10 SW browsers and other SW servers. To

-
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follow the way people have used web browsers 5o far, an SW browser is designed not

to.receive 3 query from an SW server or another SW browser although it can do that,
Amﬁn;wdwpmmofmmm,mm&atlmﬂﬁagmt

oumnityofSmeﬂdcouinofmmlSWbmmeWmMafcw

SW Server SV Server €D Apsnt sowswmnisston
€~ Assing who can provide Bis service

Fig. 4. Muiti-agent communication

o Service Advertising Server
This server maintains information telling which agent can provide which service in
the form of ag pability(Agent,ch 1 (Host, Port) , Sexvice), where
Agent is a name of a tegistered agent, channel (Host, Port) specifies the channel
to commumicate with the agent, and Sexvica is a service provided by the agent in the
form of sexvice (OnFOIogylm,lc!o:mer.dlcatoﬁm (-)).
¢ Backtrackiag among altermative answers
Bm:cﬁnzmdun-ﬁw'mismboﬁcabiﬁtyofmmmﬁn;
thmWﬁMSwna@Apmm’sm

statement (t, £: *fLathexof’ (F,Ch) «

demo(b,_,p: ‘parentOf’ (P,Ch)) A demo(c,_,m: ‘male’ (F})).

in its MP. Tho user may pose A a quesy ?demo(a, _, £: *fatharof’ (P, Ch) ) to
find out who is the father of who. Then to get the answers, A will pose the query
?demo (b, _,p1 ‘parentof’ (¥, Ch) ) to agent B snd ?demo(c,_,m: ‘male’ (F))
waptc.mmminfmedﬁmBdewmugimbAmunime.md
A will perform backtracking to all the possible answers. This is achieved by each
wmﬂmaﬁmmwhepwofhpom'bhm

- SR E TAS Y S Dt s s

7 ‘Query Answering by Multi-ageint Communication

To illustrate our framewotk, we use a book purchase scenario of multi-agent commu-

nication that works with multipls distributed ontologies and distributed reasoning.

Supposcwehaveanonlinéboohbopsdﬁngboohmwlicdbywmmﬁshat
mboobhopmdmcpubﬁshu:hzvem&rownsw”wmwhichpmvide
information about the books able to be supplied by them. This book information is
MaibedbymSWmlogiunndMemdiﬂ'mb«wemthem]oﬁah
the SW servers of different book shops and different publishers.

An online book purchass begins with firstly s customer wants to buy some books

ﬁom!heboohhoy.}{etbmmnswmmgetmbookinfotmﬂion—te.
title, :hondesaipﬁmabomﬂnboob—(medinmmlogiu)ﬁvmﬁw

14
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bookshopSWsctvernssmfonnanonhelpchmdec:dewhxchudutobuy
- Sometimes, he may want to get more infoimation of theinterested titles, such as their
pubhshembookcwutypet(e.g.plpﬂb‘ck.hudwm),mdpnmbefmephqng
an online order with the bookshop server. Supposs this information is not stored in
Mbookdwpm.bmthemmmqumnﬁmm(pmbablymbown)

publisber sezvers. In Fig. 5, we list only some small parts of the meta-programs, MP

and MMP, possessed by a publisher server, the bookshop server, and service
advertising information in a sexvice advertising server, respectively.

Publish SW Server

PMP:  for the pubBestion ontology

statement (pwp, puplip: ‘bPrice’ (popip: ‘0282631057' Y$40’) +~true).
statement (pop, pepiip: *blover’ (pmpiips *02626318577, *hard’ ) -tzue).
statement (pop, pupip: *bPrice’ (paplp: *02626358287, *$277) «txue).
statement {pep, pupip: *bCover’ (pupip: 0262635828, ‘paper')o—trua) .

Boolsbep SW Server

BMPHW#&M“M
meta_stat Of { ic Algorithm’,

bapib: ‘Gmtickogra-lng ) «true). ]
statement (d=p u T, dmpid; *bookInfo’ (Title, Covex,Price) «
-* demo (bockshopAgent, T, Gap#ds *bookInfo’ (Title,Cover,Price))).

DMP: f«mm onsology
statement ( d: *bTitle’ (Wlpx *0262 ‘31.57 L
‘Genetic tlm’) « true). :
statement ( d: ‘bTritle’ (Wlp: ‘02‘2‘3582.' B
‘Genetic thm’) « true).
statement (dap u pup, dAmpdd: ‘bookxnto' (Ticlo,covcr, Px'ico) -
Sap#ds 'b'ucl-' (xsu,n:lc) AT T
dewo (_, pwp, pupiip s *bCovex’ (Im,ctwcr))

duo(publhh-rlg-nt,pw,nlpf“h?ﬂce' (Isml, Mco) ) ) )
WMM LT s 1.

lglntt:qabui Sl ..:--é; .
bl hc:hgm, chmol(‘m )aok?ubnlhnt cc-' quo),
sexvice(pmp, papip: ‘DCovex’ (18BN, Cover))) . - -

O - "V"W&WWPMMPWhMMﬁ:

2 S ATR I ST e
5T R e o S
dm(brownx,_,dqa’dz book!n!ofl Jmctw‘jlgoxit o’
covor Price)). e g i
‘@'haxd’, Price = ‘SCU' Wl

mr in ‘m' Price »* ‘327' ‘« bl T, S gl o

Fig. 6. Query answering with the inuli-agont communication

A demonstration of the query answering of the SW browser is shown in Fig, 6. To
mmmcf'auquuy the SW browser ressons with its ontologies obtained from the
bookshop server. H: , for the d, the b adopts BMP's the second
uanem,mdthuxeqmmnuopmthuquaywthebooksbopmveﬂomw

-
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The bookshop server uses DMP's third statement to infer the ISBN from the title; and
it then queries an unknown publisher and the publisher publisheragent for the
cover type and price respectively. According 10 this example, since the *Genetic
Algorithm’ book has two editions, i.c. hardcover and papesbeck, the user may ask
to get movre answers afier the first one is dexived and the browser then performs back-
tracking to get further answers with the similar reasoning steps of the previous one.

>
:

8 Related Works

-

There are some works investigating a multi-agent system adopting SW ontologies. In
[3], Serafini et. Tamilin proposed a distributed reasoning architecture for SW which
used Distributed Description Logic (DDL) to formulate multiple ontologies intercon-
nected by semantic mappings and used a tableau method for performing inference in
DDL. To compare it with our work, here we use meta-logic to represent SW
ontologies, and a demo(.) predicate to perform inference. We also formalize the
demo (. )pm&mwperfmmmﬁmmemmmm

9 Conclusion

We have developed a meta-logical framework for multi-agent communication of SW
mfmmmdnplemwbpsmdbymmﬁemdby
mdmdmhm\smg:dno( ) predicate, With this framework the ontologies and
the information derived from them can be exchanged uniformly among the agents in

’,
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Semantic Web Agent Communication Capable of
Reasoning with Ontology and Agent Locations

Visit Hirankitti and Vuong Tran Xuan

Abstract—Multi-agent communicstion of Semsotic Web
informaion cannot be realized without the need to rewsos with
ontology and agent locations, This is because for sa agent to be able to
roason with an oxternel secmantic web omology, it must know where
and bow to access to that oatology. Similatly, for an agent to be able 0
communicats with ancther agent, it must know where and bow (0 send
& mestage o that sgent. In this paper we propose & framewock of an
agent which can reason with ontology and sgent locations ia ocder to
commuaication with cther agents oa the semantic web. The agent
framework and its communication mechanisem are formulsted entirely
in meta-logic.

Keywords— Semantic Web, agent comaumication, ontologies.

L INTRODUCTION

OMMUNICATION of Semantic Web (or briefly “SW™)

inforration between browsers and servers can be
understood a3 multi-egent commumication. However, this
communication cannot actually be realized without the need to
reason with ontology and agent locations, This is because foran
agent 1o reason with an external SW ontology, it must know
where and how to access to that ontology. Similarly, for an
sgent to communicate with another agent, it must know where
and how 10 send 8 message to that agent. To achieve this, in this
paper we proposs s meta-logical model of SW communication
among agents using meta-information of ontology and agent
locations.

Some previous works on an agent system related to SW are:
Zou ot al. [4] used SW languages, as the languages for
. expressing agent’s meassges and knowledge base, to specify
and publish common oatologies; [5] presented & multi-agent
besed scheduling application in which data sources are
described by SW languages and encapsulated in the agents. In
[6), an agent is built to perform scheduling with distributed
ontologics about eveats, e.g. conferences, classes, published on
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multi-egent reasoning
-distributed ontologies and soms works (1, 2] were dove

the SW. Mwudummﬂynmdwtppmm

concerned with with
previously. In this paper we bave extended the communication
framework in [2] to reason with ontology and agent locations.

The rest of this paper is organized as follows. Next we give
an overview of our framework. Section ITI presents our
meta-representation of SW ontologies and section IV describes
our single ageot architecture, Section V  describes the
meta-interpreter which can reason with outology and agent
locations, and ¢ VI jstrody multi-agent
communication. Section VII shows how ¢ query and reason
with SW ontologies by multi-agent communication. Section
VIl covers some implementation issues. Finally, we discuss
sbout other related works and conclude this paper.

I1.OUR FRAMEWORK

The meta-logical system for ons agent consists of three main
parts:  mets-programs  for multiple ontologics, a
meta-interpreter, and the comemumication facility, Each
meta-program  contsins  meta-logical  representations  of
ombﬁaobumdﬁomthckmfumuf&montohpu
defined in RDF, RDFS, and OWL. Some ¢lements in one
ontology may be related to soms clements in snother. The
meta-interpeeter is the inference engine for infering implicit
information from the multiple ontologies. The communication
facility supports the communication anpung the ageats. One
block in Fig. 1 illustrates one sgent.

Mamalil ssation Server ‘
(=ry—y—ry|

( l’nn-—.-nnn-t. |

Servite
Borviss 1 e b

Sorver
roitied by apons AL
H{8enm0 62 008 00 provions by apere a2. |

Fig. | Our SW multi-agent commuumication system
When several sgeats of this kind ase formed as & community,
the way the multi-agent system works is that initially the user
quezics an SW browser to get answers from an SW ontology on
SW. The browser can perform two alternative ways.

Firstly, it may retrieve this oatology from SW, transfomn it
into & meta-program, and then reason with the program to infer
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the answers; if some clements in this ontology are related t0
some elements of another oatology, the interpreter will try to
resson with that ontology in itself (by retrieving it first), or
request ressoning of that ontology ia an SW server and obtain
the snswers from that scrver, and this sccoario may repeat
itself. For the browser to be able to retricve an ontology, it must
know which server the oatology belongs 10, and bow and where
to access to it. This is the onfology’s meta-informstion
provided in the ontology. The browser will use this 1o contact
with that server and request that ontology from it, or to pass a
quety to that server so that the server can derive an answer from
the ontology.

Altermatively, the browser passes the query t0 an SW server
to answer and gets the answers back for the user. The server
infers those answers based on its inferential results which
sometimes also require support of the inferential results derived
from other servers. In caso the browser does not know which
server can moswer that query, it will coasult the Service
information to communicate with the selected server directly.
For the browser to communicate to any server as said earlier,
having known the scrver name the browser will pass the pame
to the Name2Location sesver to obtain the server location and
then make contact with that server at that location. Nots that
conceptually the term “location® we use hete is intended to be
an abstract one; an agent location could be the place, such as an
address (IP address) on the Internet, or even s (postal) sddress,
where the agent can be reached.,

Il THE META-LANGUAGES AND META-PROGRAMS
A. Language El of the Se ic Web Ontology
The language clements of ontology aro classes, propesties, class

instances, and relationships between and among them
described in the object level and the meta-level as in Fig. 2.

Fig. 2 The clements of an SW catology at the object level and
meta-lovel

At the object level, an instance can be an individual or a

literal of & & 1; and 8 property is a ship between
individuals, or is an individual’s attribute, At the meta-level, a
meta-instance can be an individual, a property, 8 class, and an
ob)ect-level mtemem.lndlmeu-pmpmyu 8 property to

ib lationshi and among-meta-instances, or

ar
is & meta-instance’s nm'hute.
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B. Mexx-Information of Ontologiles
To facilitste communication between agents and ressoning
MWWWWMMn
should be ! y name, An
mhymuabohnhdbhquupoumingn.mc
sgent’s communication channel used to access to that catology,
the file ‘containing this ontology, and the file’s path location,
This is some meta-information of the catology and it should be
treeted a3 & pert of & meta-level of the outology.

C. Meta-languages of the Semantic Web Ontology

In our framework, for an SW oatology we distinguish between
its object and meta levels, and similady its object and meta
languages, Heace, we have formulated two meta-languages:
ono discusscs mainly about objects and their relationships we
call “meta-language for the object level (ML) and the other,
called “meta-language for the meta-level (MML)™, discusses
mainly sbout classes, class instances, properties, and their
relationships. MML includes the meta-language representing
the meta-information of sn cutology discussed earlier in I11.B.
Dus to some connections between the object and meta levels,
ML and MML are slightly overlapped.

» A meta-language for the object level (ML)

Objects and their relationships at the object level a3 well as
some provability and references at the meta-level are specified
in an SW oatology and this information is expressed at the
meta-level by the elements below. (Note that the linguistic
clements of provability are a paxt of AgentML (sce section V)
and the elements expressing references are & part of MML.).

Meta-constant specifics a name of an object and a literal,
inctuding s reference, e.g. & nemespace and an ontology name.
Meta-variable stands for a different meta-constant at 8
different time, e.g. Person.

Meta-function symbol stands for the name of s relation
between objects, or of an object’s propesty—i.e. an object-level
predicats name, such as * fatheroz’ —including the name of
provebility prodicate, i.c. demo. The meta-function symbol also
stands for other meta-level function symbol, e.g. *e’, *+*,
3¢, *#*, Finally the mets-fonction symbol can also be a term
in the form <ontology_nase>:<nanespace>#
<object-level predicate name> where *: ¢ and *#¢ are
mete-function  symbols, snd «ontology_name> and
<namespace> tre meta-constants or meta-variables,

Meta-term i3 either a metaconstant or & meta-variable or »
meta-function symbol aspplied to a tuple of terms, c.g.
‘fanily ont’s*f#'M1°,

To express an object-level predicate, it has the form: p(s,
0) whero P is an object-lovel peedicste name, 8 and 0 an
meta-constants or mcta-variables (we presume  al
mets-varisbles appearing in the tuple are universally
quantified), e.g. *£* B> fatherOf’ (*£7 0 M2°, ‘LR ML)
To express a provability predicate, it has the form: demo (A, T
P8, 0)), eg demo(a, o, ‘o’:‘'f’#'fatherOf’
l°'=|£l'\"21' Iolzttl'\ull)).




The mets-term  expressing sn  object-level sentence
(somectimes with some provability) is a term »(s, 0) or
demo(A, T, P(8, 0)) or s logical-connective function

symbol applied to the tuple of these terms. One form of itis a

Horn-clause, e.g.
‘of1°£’# ' tatherOf’ (F, Ch) «
demo (b, ob, ‘ob’:‘p’#‘parentOf’(F, Ch))
demo(c, oc, ‘oc’:‘m’'#'male’(F)).

Meta-statement for the object level reflects an object-level
sentence to its existence at the meta-level, It has the form:
statement (T, cbject-level-sentsnce), where T is an
ontology name, e.g.

statement (cLobLOC, ‘0’ *£/ #  fathexOL (P, Ch) «
demo(b, ob, ‘ob’:‘p’#‘parentOf’ (P, Ch)) a
demo{c, oc, ‘oc’:‘m’#‘'male’(F))).

o A meta-language for the meta-level (MML)

Additionally, an SW ontology defines classes, propestics, and
their relationships, and also class-instance relations. This
information is precisely meta-information of the object level,
Here we express this information by MML which includes:

Meta-constant specifying a name of an agent, a namespace, an
outology, a communication channel, a file’s path location, a
fila, an instance, a property, a class, and a literal.
Meta-variable standing for a different meta-constant at a
different time.

Meta-function symbol naming a meta-level function, e.g.
pore, protocol, #, :, path, file, location. |

Meta-term is cither a meta-constant or a mets-varisble or &
meta-finction symbol applied 10 a tuple of terms, e
port (80), protocol(http), locationlpath{(*/’),
file(‘family.owl’)).

In our framework, & name of a class, a property, etc., can be
referenced by & meta-term in these three forms: uniquedane
Of namespaceiiname Of ontologydare:namespaceiiname,
¢g. ‘owl’#*inverseOf’, ‘o’:‘f£’H'fatherOf’.

Meh-predlcne name naming a relation between entities, ora

propesty-propesty relations, relations between literals and
instances/classes/properties, and characteristics of properties
[2). A predicate name is labeled with & term o be associated
with its namespace and the name of an ontology it belongs to.

Meta-predicate expressing a relation between entities of the
fonn Pred(sudb,0bj), or & charscteristic of a property in the
Jorm Pred (Prop), where Pred is a meta-predicate name, Sub,
Obj, and Prop (a property) are meta-terms, e.g.
‘owl’#'inverseOf’ (‘o' :*f’§ ' fatherOf’, ‘o’:‘f'd
‘childof’). Let all the meta-variables appearing in a
meta-predicate be universally quantified. =
Meta-operator cxpressing 8 sct operation between classes
such as union, intersection.
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Meta-statement being a meta-prodicate or
connected by logical coonectives. One form of the
meta-statement is 8 Horo-clause meta-rule, Here are some
exaemples of the meta-rules:
weta_statement (0, ‘owl’#'inverse0f’ (‘o’:*£'#
*fatherOf’, ‘0’:°*£:#'¢childof’) « txue).
axiom(t, ‘owl’#‘equivalentClass’ (C, EC) «
‘owl’#'equivalentClass’ (C, EC1) A
‘owl’$‘equivalentClass’ (EC1, RC)).
The gecond rule represents a mathematical *axiom®.

o A meta-language for the meta-infermation of ontologies

A meta-language expressing the meta-information of
ontologies discussed earlicr in the section IILB is also included
in MML, alchough it could be taken to be st a higher meta-tevel
than MML; but for the simplicity wo did not do that. The
meta-information relstes an oaotology to its agent, the
communication channel used to access to it, a file's path
location, and the file that contains it; this meta-information is
formulated in

MML & the form of
weta_info scatement tontology, agent, poxt,
protocol, location{path, file)), eg.
weta_info_statement (dmp, ent, 80,

heep, location(*/‘, *DocOnto.owl’)).

D. Mesa-programs of the Semantic Web Ontology
Each ontology is transformed 1o & meta-program containing a
(sub-)meta-program expressed in ML, called “MP™, and/or a
(sub-)mets-program expressed in MML, called “MMP".
Another meta-program expresses some mathematical axioms
using MML, called “AMP”. The inference engine often
requires AMP to rezson with MP and MMP.

¢ The meta-program for the object level (MP)

MP contins mete-statements for the object level
statement(T, P(S, O) +~ true) and statement(T,
P(S, 0) « Body), where Body expresses a conjunction of
object-level predicates and some provability; the latter is its
Hor-clause form. Note that to state that a meta-statement
belongs to an catology T we pit T 28 the firstargument; and this
form of ontology labeling will be used henceforth.,

¢  The meta-program for the meta-level (MMP)

MMP cootains description of classes, pmpema. their
relations, and class-instence relationships in terms of
meta-rules. It also contains statements expressing ontology
meta-information, Here is an example of a statement in MMP:
meta_info_statement (dmp, bookShopAgent, 80,
beep, locatioa(‘/’, “DocOnto.owl’)).

¢ The meta-program for the axloms (AMP)
AMP contains axioms for classes and properties. For example,

- an axiom defining an equivalence of classes:

axiom(T, ‘owl’#‘equivalentClass’(C, EC) «
‘owl’#‘equivalentClass’ (C, EC1)
‘owl’#'equivalentClass’ (8C1, EC)).

©2005 ENFORMATIKA
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[V. SINGLESW AGENT ARCIITECTURE
An agent in our framework is denoted by <Meta-Interpreter,
Knowledge Base, Communlcation, Historical Memory,
Transformation> whose cosponcats sre depicted in Fig. 3,
The Transformation moduls trnsforms oatologies obtained
from SW to MPs, MMPs, and AMPs, and the base
stores them. The Meta-interpreter reasons witk them ia order to
snswer queries posed by the user, and communicates with other
agents to get ontologies or answers for queries. The Historical
Memory stores information required for advance ressoning by
commmmication with other ageats.

Sementic Web Agent

. = eas e
E}o@ﬂ«? e
Fig. 3 Single SW Agant Architecturs

Meta-language of the agent (AgeatML)

AgentML is a meta-language we use to formulato the agent. It
discusses sbout the agent’s components, such a3 the deso (. )
definition, the agent’s name snd resources, sasumptions in
ontologies (this part is connected with MP and MMP),
communication methods and facilities, its locations used for
communication, other agents and their ontologies, and so on.

V. A COMMUNICATIVE DEMO

The demo predicate (7] is used as our mets-interpreter. Our
demo definition, which can reason with multiple distributed
ontologies and commumicate with other agents proposed ia {1,
2], has been extended here to reason with ontology and agent
locations in order to realize its task of commumication of SW
information. For demo (Agent, T, A) , it means an angwer A can
be inferred from s theory T by an ageat Agent. In [2] the
Vanills is sdapted for reasoning with multiple ontologies where
-we identified three kinds of mets-level statements, (1)
statement (T,A «B), (2) meta_statement(T,A«B) for
the meta-level of an ontology, and (3) the mathematical axioms
" ‘axiom(T,A « B). The definition of demo/3 is:

demo (_, empty, tzus) . (true)-

demo (Agent, TIUT2,A ‘A’ B) « (conj)
demo (Agent,T1,A) ‘4 demo(Agent,T2,8B).

demo (Agent, T,demo (Agent’,T,A)) « (ref)
demo (Agent’,T,A).

demo (Agent, TIUT2,A) « (ost)

statement (T1,A ‘<’ B) ademo(Agent,T2,B).

demo (Agent, TIUT2,A) o - (mst)
meta_scatement (T1,A '+’ B) A
demo (Agent,T2,B) .

demo (Agent, TIUT2,A) « (ast)

ENFORMATIKA 10 2005 ISBN 975-98458-9-X
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axiom{T1,A ‘e’ B} A demo(Agent,T2,B).
The clauses (truc), (ost), and (cong) form the Vanilla. The
macte-interpreter

clause (ref) states that when the
desly (Agent, T, deno (Agent* , T, A) },
demo{Agent’,T,A) by a reflection.
For distribated ontologies, some cutologies may be refemed
© in others. In this case whils demo is reasoning with an
ontology 1o dexive an soswer, this mey require it to reason with
another unavailable ontology. So we add the following clause
to allow demo t0 retrieve that ontology from its location on the
web, trensforms it into MP snd MMP, and thea reason with it to
complete all the infierence steps 30 that it can dexive the answer.

demo (Agent, T,demo(Agent’ ,T,A)) «
ayMame (Agent’) » vnavailable(T)
O:HS#Goal = A A
weta_info_statement (
O,Agent’‘, Port,Channel, Location) a
retrieve (O, Agent’’, Port, Channel, Location)
cransform{O,P)  demo(Agent,P,A).

With this clsuse, demo cas work analogously o g browser.

Additicoally, whea each scrver storing an ontology is
equipped with this demo definition, for demo (at the client) to
derive an snswer from en wsvailsble ontology, this can be
dons by that the demo sends the query (for an unavailable
ontology) to the server, which hes that ontology, to answer the
query. For this to be done, we may add two more deso clauses:

demo({Agent, T,
dewo (Agent’ ,T,A)) o

not oyName (Agent’) a known{Agent’) a

unavailable(T) ~ .

agentLocation(Agent’, Location,

4 Poxrt,Channal)

connect (Location, Port, Channel,ConnectID) A
communicate (ConnectID,demo (Agent*,T,A)}
disconnect (ConnectID) .

agentLocation (Agent,Addx, Poxt,Ch) «
connect (www.n2l.net,80,http, ConnectID) «
coweunicate (ConnectID, demo (www.n2l.nec, T,
name_location{Agent,Addr,Port,Chr)) -
disconnect (ConnectID) .
demo (Agent, T,
demo(Rgent’,T,A)) «
unknown(Agent’) » unavailable(T)
tindagent (Agent’,A) ~
dewo (Agent,T,demo (Agent’,T,A) ).

findAgent (Agent,Goal) «
agentLocation(sa_sever,Location,
Port,Channel) »
connect (Location, Port,Channel,ConnectID)
communicate(ConnectID,demo (sa_sarver, .
agentCapability(Agent,Service))) -
matchOK(Goal, Service) o

tries 10 prove
#t will prove

(retr)

(certain-agent-comm)

(applicable-agent-comm)
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disconnect (ConnectID) .

In this clsuse, the demo searches for an agent who can
provide the service by asking a sesvice advertising server (sce
section VI).

Given all the above clauses, A can be inferred from demo in
diffecent ways: firstly A may be inferred using statements in one
or many MPsx, and/or using meta-statements in MMPs, and/or
using axioms in AMP. Alternatively, the inference may require
demo to retrieve some ontologics from different sources on SW

or 0 send demo (Agent, T, A) to other servers to request for
tho answer. ,

e Agent creation and the agent's life cycle

To create and start 8 new agent, we perform: (1) assign & unique’

narie to the agent by asserting myName fagentXame); (2) set
up its commemication channels; (3) register its name, locations,
ports, and channels to the Nsme2Location setves; (4) start the
sgent to do an endless obscrvation—action cycle—listening o
the communication channels ©0 get a request from the user or
other agent, and responsing to that request accordingly; when
the response is dooe it returns back to the obsesvation stage
again,

VL MULTI-AGENT COMMUNICATION

An individual agent created by our agent framework can
behsve in two fashions, One is to work as an SW browser and
the other is to work as an SW server. The only difference is that
the former communicates with a human user and SW servers,
whilst the latter communicates with SW browsers and other
SW servers, Due to the usage of the cusrent web, we expect that
s multi-agent community of SW would consist of SW
browsers, SW servers, Name2Location servers and Sexvice
Advertising servers virtually linked together on the web (see
Fig. 1).

A Name2Locstion Server provides & communication
locstion of an agent whea being asked with an agent name. It
has the fixed address: *www.n21.net’. It possesses the facts

in the form of name_location(Agentname,
AgentAddress, Port, Channel).

. . AService Advestising server has the name *sa_server’.It

mainteins information telling which agent can provide which
service in the form of agentCapability(Agent,
Service), where Agent is a name of a registered agent and
Sexvice is a service provided by the agent in the form of
OntologyName:Namespacef#PredicaseName(..).

VIL THE QUERY ANSWERING

To illustrate our framework, we use & book purchase scenario.
Supposc we have an onling bookshop selling books supplied by
some publishers and providers. The boolahop, the publishers,
information about the books able to be supplied by them, This
information is described by some ontologies and there are
differences between the ontologies in the servers of different
bookshops, different publishers, and different providers.

An onfing book purchase beging with & customer wants to
buy some books from a bookshop, He thea uses an SW browser
o get some book information—i.e. title, shost description sbout
the book--—{expressed in some ontologies) from a bookshop
SW server, This information helps him decide which titles to
buy. Sometimes, he may want to get more information of the
interested titles, such &3 publishers, book cover types (e.g
psperback, herdcover), and prices before placing an order with
the bookshop server. Suppose this information is not stored in
the bookshop server, but the server can request it from some
(probebly unknown) publisher sexvers and/or provider servers.
In Fig. 4, we list only some pasts of the mets-programs, MP and
MMP, possessed by a publisher server, a provider server, the
bookshop server, and also a pert of service advertising
information in 8 service advertising server, respectively.

A demoastration of the query answering of the SW browser
is shown in Fig 5. To answer the first query, the SW browser
reasons with its ontologics obtained from the bookshop server.
However, for the second, the browser sdopts BMP's the fourth
statement, and this requires it to pass this query to the bookshop
server to answer. The bookshop server uses DMP's fifth
statement to infer the ISBN from the title; and it then querics an
unknown publisher and the provides providexrAgent for the
cover type and price respectively, That is, for the book cover,
the bookshop server does not know which agent to ask but for
the book price, the book shop server knows that it may ask the
providerAgent server. For both cases, the bookshop server
has to consult 1o the service advertising server to find the
locations and services of these seryers and to post its
cormesponding queries to them and get the answers back. The
bookshop server then returns all the answers to the SW
for presenting to the user. | .

Publish SW Server

PMP: Meia-program for the publication ontology

meta_info_statement (pmp, publisherAgent, 80, heep, location(*/’, *PublisherOnto.owl’)) .
statewent (pmp, ‘pmp’ : *p’ #*‘bCover’ (‘pmp’ : *p’ #:0262635828°, *hard’) + true).

Provider SW Server

PPMP: Meta-program for the publication provider ontology

meta_info_statement (ppsp, providerhgent, 80, http, location(*/’, *PubProvideronto.owl’) ).
statement (ppmp, *ppmp’ 1 *pp’ # bPrice’ (‘pmp’ : *p’ #°0262635828°,°$40°) + true).

Bookshop SW Server

ENFORMATIKA 10 2005 ISBN 975-08458-9-X . 102

© 2005 ENFORMATIKA

195




196

BMP: Meta-program for the book

weta_info_stat (bep, b

aeta_statesent (bep, ‘rdf’§*

omr-uwﬁrwm
meta_info_stat ksh

statement (d%p u pwp 0
‘dmp’ :*d’ §*bTitle’ um.uu-) Iy
demo{_,pap, *prp’ ; *p’ #*bCover’ (1SBK, Cover)) a

. + 30, http, location(*/, *BookOnto.owl’)) . R
weta_info_statement (dmp, bookShopAgent, 80, http,location(*/’, *DocOnto.owl’)}.

‘Genetic Algorithm’, ‘bup’: ‘b'l‘om:!.c?:ogrl-lng") - trus),

ltatmc(dnp u T,‘&p' *d’#'bookInfo’ (Title, Cover, Price) «
dewmo (bookShopAgent, T dmp’ 1 *d’#*bookInto’ ('uelo.Oov.r.Prico))).

80,http, location(*/?, *DocOato.owl?)) .

meta Lnto )_statemant (m. .80, http.locaum('/' ‘publicationtuto.owl’)).

meta in!o )_statemant (ppsp, providerAgent, 80, htep, location(*/?, *PubProviderOuto.owl’)) .

-utmn:(m. amp’ s ‘d'l‘b‘ritlo'(‘n' 1'p’ #°0262635028" , *Genetic Algorithma’) + true).
“dmp’ 3 *d’ #*bookInfo’ (Title,Cover, Price) «

deso (providerAgent, ppwp, *ppep’ + 'pp’ #*bPrice’ (IZBW, Price))) .

Service Advertising Server

agentCapablility (publisherAgent, ‘pep’: *p* #'bCover’ (ISEN, Cover)).
agentCapability{providerAgent, ‘ppmp’: ‘pp’ #'bPrice’ (1SBM,Price)).

Fig. 4 The MMP and MP prograas for the demonstration

X = ‘Genetic Algoru:h-‘

Cover « ‘hard’, Price = *$40°

?- demo(browser, _, *xrdf’# 'type’ (X, ‘bup’ : ‘b’ § ‘GeneticProgramming’)) .
?- demo(browser,_, ‘dmp’: *d’# bookiInfo’ {*Genstic Algorithm’,Cover,Price)).

Fig. 5 Query answering with the multi-agent commmanication

VIIL IMPLEMENTATION [SSUES

To state an ontology location in our framework, in the
following we give an example of how the declaration Jooks like

. (sec section VII) in OWL as follows:
<owliOntology rdf:abouts*dmp">
<OntologyReferences>
<Ontology rdf:resources"pmp®>
<path>/</path>
<file>PublicationOnto.owlc/file>
<port>80«/pozt>
1>hetpe/p 1>
</0ntology>
<Ontology rdf:resource=*bep”s>
cagsnt¥ams
rdf: providerigent®/>
<path>/</path>
<file>PubProvideronto.ovlc/file>
<port>80</port>
1>httpe/pr 1>
</0ntology>
</OntologyReferencas>
</owl:Ontology»>
After the transformation, we get en MMP fragment:
meta_info_stat {dmp, bookshoph 80,

heep, location(*/’, ‘Docon:o owl’)).
meta_info_statement (pap,_,80,http,
location(*/’, 'Pubucatiouomo.ovl' n.
meta_info_statement (bep,providerigent, 90,
http, location(*/’, *PubProviderOnto.owl’)}.
ﬁukmdofdechnuonlsmedthlwﬂwlhepapam
support the meta-information g gy }
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reasoning architecture for SW using Distributed Description
Logic (DDL) to formulate multiple ontologics interconnected
by scmantic mappings and a tablesu method for perfocming
inference in DDL. To compere it with our work, here we use
meta-fogic to represent SW omtologics, and & dewo(.)
predicate to perform the inference, We also formulate the
predicate to be able 10 resson with ontology and agent locations
in order to perform multi-sgent communication for SW.

X. CovnicrLusion

We hive developed a meta-logical framework for agent
comsnumication of SW information. Our agent can peason with
distributed ontologics while exchanging the SW information
with other agents. The agent can do this by adopting a demo
predicate which can reason with ontology and agent locations.
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