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Abstract

This dissertation deals with ontology based knowledge representation and its
use in multi agent systems. It is well known that knowledge has an immense
value in all kinds of businesses and people's every day life. 

The  work  presented  in  this  thesis  aims  to  make  a  stronger  connection
between  knowledge  management  (KM)  and  multi-agent  systems  (MAS),
mainly by bringing work done in the semantic web area to MAS.

The approach taken is to use ontology based knowledge management in multi
agent systems, where uncertain knowledge is not present. This is a suitable
model  for  many  applications  especially  where  experience  management  is
needed. 

The  CommonKADS  methodology  and  Protégé  ontology  editor  have  been
used  for  knowledge  modeling,  and  the  OWL  ontology  for  knowledge
representation.  The  Jena  library  was  used  for  knowledge  and  data
manipulation and the JADE agent system was used for real implementation of
the architecture.

  2



Acknowledgments

I would like to thank my supervisor Ing. Ladislav Hluchy PhD. for his support
and  guidance  in  my  work  and  for  giving  an  opportunity  to  participate  in
research projects under his guidance.

Also I would like to thank all members of the Pellucid IST project. Most of the
work presented in the thesis was developed and evaluated within this project.
Advice, research and project directions and results had a strong influence on
the motivation and development of the work presented in the dissertation.

Many thanks to Simon Lambert for helping with proofreading and editing the
thesis.

I also would like to thank my wife for her support and editing the thesis and
my father, who kept reminding me to continue writing this thesis.

  3



Table of Contents

1  Introduction .................................................................................................................. .........................8
  1.1  Motivation and Background.................................................................................................. ......8
  1.2  Overview of the Approach....................................................................................................... ...9
  1.3  Structure of the Dissertation........................................................................................ ................9
  1.4  Research History................................................................................ ........................................10

2  State of the Art ....................................................................................................................... .............12
  2.1  Outline of Research Environment ....................................................................................... .....12

    2.1.1  Software Agents Overview................................................................................... ..........12
    2.1.2  Knowledge and Experience Management Overview...................................................... 14
    2.1.3  Ontology Overview............................................................................ .............................15

  2.2  Multiagent Systems (MAS)................................................................................ ......................16
    2.2.1  Agent Architectures................................................................................................. .......16
    2.2.2   Agent Knowledge Model ....................................................................................... .......17
    2.2.3  Multi Agent Platforms................................................................................................. ...19
    2.2.4  Communication and Ontology............................................................................... .........19
    2.2.5  Standardization in MAS.......................................................................... ........................22
    2.2.6  Summary & Conclusion of State of the art in MAS.......................................... .............23

  2.3  Knowledge and Ontology............................................................................................ ..............26
    2.3.1  Role of Semantic Web in KM and Ontology Field....................................................... ..26
    2.3.2  The Ontology Related Methodologies......................................................................... ...27
    2.3.3  Ontology Representation and languages............................................................. ............28
    2.3.4  Experience management........................................................................................... ......29
    2.3.5  Knowledge Presentation......................................................................................... ........33

  2.4  Conclusion of State of the Art............................................................................................. ......35
  2.5  Objectives of the Thesis....................................................................................................... .....36

3  Used Methodologies and Tools...................................................................................... ......................37
  3.1  Methodologies................................................................................................................ ...........37

    3.1.1  Unified Modeling Language (UML)........................................................... ....................37
    3.1.2  CommonKADS Methodology.............................................................................. ..........39
    3.1.3  Formal Methods Used for Ontology model description.................................................41

  3.2  Tools.................................................................................................................. ........................44
    3.2.1  Protégé Ontology Editor.............................................................................................. ...44
    3.2.2  JADE agent platform..................................................................................................... .45
    3.2.3  Jena library..................................................................................... .................................45

4  Ontology in MAS – Architecture, Methodology, Libraries.............................................................. ...47

  4



  4.1  Design of Agent Architecture.............................................................................. ......................47
    4.1.1  Formal Specification of Agent Knowledge Model .............................................. ..........48
    4.1.2  Knowledge Exchange and Sharing in Defined Architecture..........................................51

  4.2  Defined Modeling Methodology.......................................................................................... .....52
    4.2.1  Specification of Method for creating ontology and agents model..................................53
    4.2.2  Design of Agent based system with presented model.......................................... ...........54

  4.3  Design and Specification of Agent Software Library............................................. ...................55
  4.4  Agent Architecture Demo based on Agent Software Library...................................................57

    4.4.1  Usage of Defined Methodology for developing Agent Demo........................................60
5  Experience Management – Generic Ontology, Knowledge Presentation............................................64

  5.1  Model for Experience Management and Reasoning on this model...........................................64
    5.1.1  Ontology Model for Experience Management built on Agent Memory Model.............65
    5.1.2  Casebased matching hints for actor's context.............................................................. ..72

  5.2  Methods for presenting Ontological Knowledge to Users......................................... ................83
    5.2.1  Object Tree Solution......................................................................................... ..............84
    5.2.2  Transformation Solution used for presenting knowledge in experience management . .85
    5.2.3  Knowledge Presentation Conclusion....................................................................... .......88

6  Use and Evaluation of Results in Pilot Operation....................................................................... .........89
  6.1  Pellucid IST Project........................................................................................ ...........................89

    6.1.1  Pellucid Pilot Sites.................................................................................................. ........89
    6.1.2  System Specification and Design................................................................ ....................92
    6.1.3  Pellucid Agents.................................................................................................... ...........94
    6.1.4  Ontology Model............................................................................................... ...............96
    6.1.5  Similarity Methods Used in Pellucid......................................................................... .....98
    6.1.6  Conclusion................................................................................................................ ......99

  6.2  KWf Grid IST Project......................................................................................................... ...100
  6.3  Other Applications – Future Work .................................................................................... .....102

    6.3.1  Raport APVT Project................................................................................... .................102
    6.3.2  Znalosti Project.................................................................................................. ...........103

7  Conclusion ................................................................................................ .........................................104
  7.1  Summary of Dissertation.......................................................................................... ...............104
  7.2  Results .............................................................................................................................. ......105
  7.3  Scientific Contribution......................................................................................................... ...105
  7.4  Future Work...................................................................................... .......................................106

8  Appendix – Ontologies.................................................................................. .....................................112
  8.1  Ontology related Methodologies.......................................................................................... ...112

    8.1.1  Building Ontologies in General.............................................................................. ......112
    8.1.2  Skeletal methodology....................................................................... .............................113
    8.1.3  KACTUS.................................................................................... ...................................114
    8.1.4  Methontology............................................................................................ ....................114
    8.1.5  Formal Tools of Ontological Analysis............................................................. .............115
    8.1.6  On To Knowledge methodology....................................................................... ............115

  8.2  Ontology Representation................................................................................................. ........118
    8.2.1  RDF................................................................................................ ...............................118
    8.2.2  RDF Schema...................................................................................................... ...........118
    8.2.3  OIL.................................................................................................... ............................119
    8.2.4  DAML+OIL.............................................................................................. ....................120
    8.2.5  OWL......................................................................................................................... ....120

  5



List of Figures

Figure 2.1: Agent classification.............................................................................................................. .13
Figure 2.2: The conversion performed by the JADE support for content languages and ontologies.......17
Figure 2.3: Content Reference Model.......................................................................................... ............18
Figure 2.4: W3C architecture of Semantic Web..................................................................................... .29
Figure 2.5: Relation of www.ui.sav.sk to other sites, Cartoo Technologies internet search tool............34
Figure 3.1: CommonKADS Models.............................................................................. ...........................39
Figure 3.2: MAScommonKADS Models.................................................................................... .............41
Figure 3.3: OWL Constructors.................................................................................. ...............................42
Figure 3.4: OWL Axioms................................................................................. ........................................42
Figure 3.5: Example of Parents Ontology................................................................................. ...............43
Figure 4.1: Basic Ontology for Knowledge Modeling................................................................... ..........53
Figure 4.2: Library classes with main properties and methods, UML class diagram..............................55
Figure 4.3: Agent Library Functionality Diagram................................................................................. ..56
Figure 4.4: AskAgent Ontology  Protégé screenshot........................................................ ......................57
Figure 4.5: AnswerAgent ontology with some resource individuals listed.............................................57
Figure 4.6: Screenshot of running demo......................................................................................... .........59
Figure 4.7: Simple Knowledge Model used by both Agents.................................................. ..................60
Figure 4.8: Actions Defined in Knowledge Model.............................................................................. ....60
Figure 4.9: Knowledge Model of AskAgent..................................................................................... .......61
Figure 4.10: Knowledge Model of AnswerAgent............................................................................... .....61
Figure 4.11: AskAgent Use Case Diagram......................................................................................... .....63
Figure 4.12: AnswerAgent Use Case Diagram..................................................................................... ...63
Figure 4.13: Agent Demo Sequence Diagram............................................................. .............................63
Figure 5.1: Generic ontology  Resources....................................................................... .........................67
Figure 5.2: Generic Action Types........................................................................................... .................67
Figure 5.3: Workflow related Action Types........................................................................................ ....68
Figure 5.4: Generic ontology – Event............................................................................................ ..........68
Figure 5.5: Generic ontology – Active Hints........................................................................................ ...69
Figure 5.6: Generic Ontology............................................................................................................... ...70
Figure 5.7: Diagram of Actor Resources, concretely Active Hints, Updating algorithm........................73
Figure 5.8: Figure 5.8 Case 1 100% matched context........................................................................ ....77
Figure 5.9: Case 2  Resource query evaluation............................................................. ..........................78
Figure 5.10: Case 3  Lower bound for MEM model........................................................... ....................79
Figure 5.11: Case 3   Higher bound for MEM model........................................................................ .....80

  6



Figure 5.12: Case 3  DB Model Higher Bound.............................................................. .........................80
Figure 5.13: Example for higher and lower bounds for Case 3................................................. ..............81
Figure 5.14: Similarity weights in Traffic Light Management....................................................... .........82
Figure 5.15: Query creation GUI – Browse Window ................................................................... ..........85
Figure 5.16: Pellucid GUI window with Active Hints (right) and opened resource window (left).........86
Figure 5.17: Active Hints presentation............................................................................................. .......87
Figure 6.1: Pilot Application MMBG  Management of Project and Service......................................... .90
Figure 6.2: Organizational structure and a process of a traffic lights installation in MTD......................91
Figure 6.3: Management and resolution of fixed telephony breakdowns.................................... ............92
Figure 6.4: Scheme of Basic Architecture....................................................................................... ........93
Figure 6.5: UML Sequence Diagram  Action Performed in WfMS/WfTS User Interface.....................95
Figure 6.6: UML Sequence Diagram  Action Performed in Pellucid User Interface.............................95
Figure 6.7: Main Domain Concepts of CDG Ontology.............................................................. .............97
Figure 6.8: Main Domain Concepts of MMBG Ontology................................................................ .......97
Figure 6.9: Main Domain Concepts of SADESI Ontology............................................................... .......98
Figure 6.10: Similarity Weights in MMBG Application........................................................ .................99
Figure 6.11: KWf Grid Knowledge Cycle and Objective............................................................. ........100
Figure 6.12: Main Elements of Knowledge Model in KWf Grid...................................... ...................101
Figure 6.13: Work flow Process in Military Training Center................................................................ 103
Figure 8.1: Steps of On To Knowledge methodology.......................................................... ..................115

  7



1  Introduction 

This dissertation deals with ontology based knowledge and its use in multi
agent systems. It is well known that knowledge[DAVEN00] has an immense
value in all kinds of businesses and people's every day life. 

Knowledge Management (KM) and Multi Agent Systems[LUCK03] (MAS) are
both relatively  new research areas.  Agent  Technology seemed to  be very
promising since it has proposed a new paradigm for software technologies,
from Object Oriented Programming (OOP) to Agent Oriented Programming
(AOP). Recent technologies such as SOAP, WSDL, UDDI or Peer-to-Peer
computing  came  also  out  of  MAS  but  are  only  partial  realizations  of  the
potential  of  MAS. KM & Ontologies  on the other  hand have already been
successful in the Semantic Web area.

The work presented in the thesis tries to make a stronger connection between
KM and MAS, mainly by bringing work done in the semantic web to MAS.

Agent technology needs to use results of all areas of artificial intelligence such
as learning, negotiation or knowledge management. This dissertation focuses
on one of them – a use of KM by agent systems which gives a possibility to
develop an architecture suitable for many application areas.

  1.1  Motivation and Background

Knowledge is really a key asset in the world today. The world economy is
moving towards the so called knowledge economy, where knowledge is what
is valued more than any other resource. Knowledge as understood in this
dissertation is  mainly  represented by semantic  web research.  Today’s  KM
solutions are mainly centralized solutions, which do not sufficiently satisfy the
needs to cover heterogeneous and a distributed environment. KM systems
are usually created for a concrete application or a small group of applications. 

In such an environment agents are a suitable solution, but solutions based on
MAS  lack  knowledge  and  intelligence.  Agents  can  understand  formalized
knowledge the same way as people do.
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  1.2  Overview of the Approach

Ontology  based  knowledge  management  in  multi  agent  systems  is  used,
where uncertain knowledge is not present. This is a suitable model for many
applications, especially where experience management is needed. 

The agent based approach is distributed, and thus it is similar to the human
world.  However  some  central  points  are  needed.  The  thesis  deals  with
cooperative intelligent agents, which can be mobile if needed but do not have
to be. 

The  focus  of  the  thesis  is  on  an  agent  oriented  paradigm for  knowledge
management systems.

The  CommonKADS  methodology  and  Protégé  ontology  editor  have  been
used  for  knowledge  modeling,  and  the  OWL  ontology  for  knowledge
representation.  The  Jena  library  was  used  for  knowledge  and  data
manipulation and the JADE agent system is used for real implementation of
the architecture.

  1.3  Structure of the Dissertation

Chapter 1 Introduction gives a brief overview of the dissertation.

Chapter  2  State  of  the  Art explains  the  main  terms  and  areas  such  as
knowledge, agents or ontology and our understanding and limitations of these
terms and discusses the current research state in areas of MAS, ontologies,
knowledge management and related software tools and methodologies. The
last subchapter explains goals of the dissertation.

Chapter  3  Used  Methodology  and Tools depicts  methodologies  and tools
used in the dissertation to obtain the presented scientific results

Chapter 4 Ontology in MAS – Architecture, Methodology, Libraries describes
results of the thesis: how ontology can be used in MAS, the specification of
the architecture of an agent, the definition of the agent knowledge model, the
definition of the methodology to design a knowledge model of an agent, and
the description of the developed Java libraries for manipulating an ontology in
MAS.

Chapter  5  Experience  Management  –  Generic  Ontology,  Knowledge
Presentation extends  the  model  and  the  architecture  from  chapter  4  for
experience management described by an ontology, handling of  this  model
and presentation of the knowledge. So it shows how the results of the thesis
can be applied to the Experience Management problem domain.

Chapter 6 Use and Evaluation of Results in Pilot Operation discusses use of
such models and architecture used in several projects, mainly focusing on use
and evaluation of results in the Pellucid and K-Wf Grid IST projects

Chapter 7 Conclusion concludes the results of the dissertation.
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  1.4  Research History

The dissertation is  written as  a monograph,  but  some of  the results  have
already been presented or published.

Several  articles  have  been  published  on  the  theme  of  Ontology  based
knowledge management in agent  architectures: 

• Pellucid Agent Architecture for Knowledge Management in Public
Organizations [BAL03B]

• Use of Ontology in Virtual Organizations for Environment Risk
Management [BAL03A]

• Distributed Knowledge Management based on Software Agents and
Ontology [LAC03C]

• Ontology Assisted Access to Document Repositories for Public Sector
Organizations [SLOTA03]

• Workflow Process Creation by Pellucid Agents [LAC03B]

• Knowledge management for organisationally mobile public employees
[PELL03]

• Pellucid Agent Architecture for Administration Based Processes  [LAC03A]

• Knowledge Management for Administration Processes [LAC04A]

• Reusable Agent-Based Experience Management and Recommender
Framework[BAL04A]

• Model of Experience for Public Organizations with Staff Mobility
[KMGOV04]

• Pellucid - Platform for Organizational Public Employees[NGU04]

• Discovery and Reuse of Knowledge in REMARK[BAL04B] 

• AgentOWL – Library which supports OWL agent memory model in JADE
based on Jena[LAC05A]

• Methods for Presenting Ontological Knowledge to the User[LAC05B]

• Experience Management Based on Text Notes (EMBET)[LAC05C]

• e-Collaboration and Knowledge Sharing based on Text Notes[LAC05D]

• Performance Analysis of Knowledge-based Recommender System for
Formalized Experience Reuse[GAT05A]

The work  relates also to  the area of  security  in  MAS,  focused mainly  on
Communication and information (knowledge) exchange among agents, where
the following articles were published:

• Agents as Key Elements for Information Security and Privacy [LAC02C]

• Solving Information Privacy by Agent Architecture [LAC02B]
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• Secure Agent Architecture for Wireless Devices [LAC02A]

• Secure Inter-agent Negotiation and Communication [LAC01B]

And finally in thearea of Agent Interaction and Communication:

• Negotiation and Communication in Agent Systems [LAC01A]

• Multi Agent System for Negotiation and Decision Support [BAL00B]

• Model of Negotiation and Decision Support for Goods and Services
[BAL00A]

The  work  presented  in  the  thesis  was  developed,  used,  presented  and
evaluated in several international and national projects dealing with Agents
and Knowledge Management:

• Agentcities.NET  Project  IST-2000-28384  [ACITY02] European  project
focused on creating agent based infrastructure across the world.

• AgentLink  II  EU  Project  [ALINK02] network  of  excellence  focused  on
research cooperation among agent research community.

• Pellucid  IST  Project  [PELL02] Agent  based  knowledge  management
project. Most of our work was evaluated on this project. This project was
successfully finished and evaluated in December 2004. 

• K-Wf Grid IST Project[KWFGRIDWEB] of the 6
th
 Framework Program. The

project focuses on knowledge management in a Grid environment. Results
of our work were also used for writing the successful project proposal.. The
project was launched  in September 2004 and some ideas and models
described  in  this  thesis  are  being  used  for  development  of  several
components in the project.

• Znalosti  Project  started  in  September  2004.  This  project  is  focused  on
creating a semantic search engine for chosen  application domains. The
infrastructure  and  libraries  presented  in  this  thesis  as  well  as  similarity
based algorithms are used in this project.

• Raport  APVT  Project  R&D  of  knowledge  management  system  in  a
workflow of administration processes focused on administrative processes
in a Military training center. This project started in January 2005.
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2  State of the Art 

This chapter describes the current state of the art in areas of interest:

• Multi-Agent Systems

• Ontologies

• Knowledge management

It also discusses the motivation and background for the research presented in
the thesis. The last sub-chapter explains the goals of the dissertation.

  2.1  Outline of Research Environment 

In order to have a comprehensive view of the work presented in the thesis, it
is necessary to examine terms such as agent, knowledge or ontology, and our
understanding and limitations to this terms. These terms have been used very
widely and it is necessary to make them more precise. 

    2.1.1  Software Agents Overview

In this chapter we define the kind of agents we are focusing on. Agents are
completely different  from other software technologies because all others are
mainly function based technologies. The agent technology can be understood
as the next step from OOP to Agent Oriented Programming (AOP).

To answer why it  is needed to specify what kind of agents we are dealing
with, it is only necessary to cite Jennings, one of the leading researchers in
the field: 

“Agents are like OOP in the 80's, everybody talk about it,
every company tried it, every solution has it, every manager
wants if, but nobody just know what it is ...”

When we talk about agents we mean agents in a Multi-Agent system, where
more than one agent is present, and where agents can interact.  The term
“agent” can be understood differently depending on the focus of research. In
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Figure 2.1 a classification of agents is presented.

In the literature many definitions of an agent can be found. Within this thesis,
the AgentLink II definition for a software agent is used:

An  agent  is  a  computer  system  capable  of  flexible
autonomous action in  a  dynamic,  unpredictable and open
environment.

[LUCK03]

Robotic  agents  are  based on hardware.  Software  agents  are  based  on a
software  program.  Simulation  Agents  are  software  agents,  which  help  to
simulate a discrete system, which cannot described by differential equations
or which are too complex e.g. simulating traffic in the city. The environment is
the road system (software representation) and agents will be programmed to
move on a road, to slow down when another agent car is close by and maybe
other simple behaviors. This way we can simulate a traffic flow and then use
results in the real situation. The best known example is simulation of ants
behavior. More than in other agent fields it is valid that "Smart things can be
done with Dumb Agents"[WILL03]

Mobile  Agents  are  software  agents  which  can  move  from  one  place  to
another. There are 2 types of mobility – strong and weak. The strong mobility
means a migration of an agent with its execution state and its variables values
from one computer to another. The weak mobility is when an agent migrates
and caries only the code and variables values. 

Intelligent Agents act on their software environment called the agency. Agents
interact  by passing a message among each other. They use techniques from
the artificial intelligence area such as learning, reasoning or negotiation  and
decision support. Intelligent Agents sense and act via message passing. They
can have also some other sensors to external systems and other methods to
act on certain external systems. Intelligent Agents can be mobile if needed.

FIPA based agents follow FIPA [FIPA02] standards. Interaction among agents
is  done  by  the  FIPA  Agent  Communication  Language  (ACL)  [FIPAACL].
Agents communicate using an ontology and a content language. The agent
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platform needs to support a directory facilitator where all agents can register.

Many combinations between robotic and software agents or intelligent and
mobile agents exist. This summary is given, because it is not clear in scientific
community what is understand behind word agent. 

When agents are mentioned  in the dissertation, it is understood as software,
intelligent and  FIPA based Agents.

    2.1.2  Knowledge and Experience Management Overview

Information is a fact or knowledge about a specific event or subject.

Knowledge means having information and
understanding it through experience.

Human knowledge is based not only on facts, which are true or false but also
on uncertain knowledge, which is partially true or false. Several methods can
be used to represent such knowledge, e.g. probability measures, fuzzy logic
or computing with words  [WANG01]. Some methods are known to represent
uncertain  knowledge  even  in  agent  systems  by  e.g. extended  FIPA-SL
language[FIPASL]; hhowever, uncertain knowledge is still  quite complicated
and not directly understandable especially for the agents themselves. When
using uncertain knowledge or knowledge where true and false facts are not
strongly  defined,  computer  systems cannot  discover  new  facts  in  existing
knowledge  base  using  basic  logical  operations.  This  is  known  as  a
fundamental  problem  of  contradictory  knowledge  in  computer  systems
[WOOL02].

This is why knowledge discussed within this thesis focuses only on strongly
true facts. Such facts are structured and can be defined by ontologies. Using
this  solution,  it  is  easier  and  straightforward  for  agents  to  understand
knowledge and to  discover  new knowledge from existing  knowledge.  One
could  say  that  using  such knowledge is  sufficient  for  very  limited  area of
applications,  but  by  evaluation  of   different  applications[PELLD4],  where
experience  knowledge  management  is  needed,  it  is  useful  to  focus  on
knowledge based on facts rather than on uncertain knowledge.

Human knowledge is distributed among people and certain mechanisms are
used for its comprehension and organization by using the same language,
understanding the same terms or creating global knowledge bases such as
libraries or recent computer based databases or knowledge bases. Recent
knowledge systems built on ontological or other models are mostly centralized
solutions[CUI01][STUCK03][ONTOWEB]. We use a hybrid approach, where
agents can access certain knowledge directly from centralized  memories or
they can ask specialized agents to provide them with knowledge handled only
by this particular agent; the Agent based approach thus combines distributed
and centralized approach, which seems to be extremely useful for the area of
experience knowledge management applications. 
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    2.1.3  Ontology Overview

Ontology  is  often  explained  in  different  ways.  It  can  be  understood  as
vocabulary,  thesaurus  or   taxonomy.  In  the  dissertation  ontology  is
understood in the way how the semantic web community defines it. 

Ontology is description of problem domain,
where entities of the domain, its properties and
its relations are described. 

A well known definition of an ontology is:

An ontology is a specification of conceptualization

Ontology has become a very important aspect in many applications to provide
a  semantic  framework  for  knowledge  management.  Ontology  is  a  set  of
definitions of  content-specific  knowledge representation primitives (classes,
relations,  functions  and  constants). Ontology  represents  the  hierarchical
structuring of knowledge about things by subcategorizing them according to
their essential qualities.

The huge advantage of ontology is not in processing, but in sharing meaning,
emergence  and  discovery  of  gaps  and  for  improving  a  tacit  knowledge
transfer.  Ontology  may  contain  information  in  a  specified  declarative
language, but  it  may also include unstructured or  unformalized information
expressed in a natural language or a procedural code.

Computer-based ontology provides formal  and structured representation of
domain knowledge. It is  designed to serve as a raw material  for computer
reasoning  and  computer-based  agents.  The  ontology  provides  a  formally
defined specification of the meaning of those terms, which are used by agents
during their interoperation. It is important, because agents can differ in their
understandings  of  environment,  goals  capabilities,  but  they  can  still
interoperate in order to perform a common task.

Ontology  can  be  represented  by  UML[UMLWEB],  any  object  oriented
language, RDF[RDFW3C], DAML+OIL[DAML], OWL[OWLWEB] or any other
representation which can define objects, properties and its relations. OWL –
Web Ontology Language is considered by the semantic web community and
also  within  the  dissertation  as  the  best  ontology representation.  However,
description logic or object oriented approaches[WOOL02][CAIRE02] are more
common in  the multi-agent  systems area.  In  the  dissertation  OWL subset
OWL-DL is used for knowledge representation.
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  2.2  Multi-agent Systems (MAS)

As mentioned above, the focus of the thesis will be on software, intelligent
and FIPA based Agents. This chapter presents the state of the art of such
MAS. Agent architectures, agent knowledge models, communication and use
of ontology, MAS platforms, standardization in MAS and overall roadmap in
the area is given it this chapter.

    2.2.1  Agent Architectures

Agent architectures are the fundamental engines underlying the autonomous
components that  support  effective behavior  in the real-world,  dynamic and
open  environments.  Initial  efforts  in  the  field  of  agent-based  computing
focused on the development of intelligent agent architectures, and the early
years established several lasting styles of the architecture. These range from
purely  reactive  (or  behavioral)  agents  that  operate  in  a  simple  stimulus-
response fashion, such as those based on the Subsumption Architecture of
Brooks[BROOKS91A][BROOKS91B] at one side, to more deliberative agents
that reason about their actions, such as the class of the  belief-desire-intention
(BDI)  agents  that  are  increasingly  prevalent  (also  in  commercial  products
such as JACK[JACKWEB]), on the other side. In between the two there are
hybrid combinations of both, or layered architectures, which attempt to involve
both  a  reaction  and  deliberation  in  an  effort  to  adopt  the  best  of  each
approach. Increasingly more sophisticated agents than the traditional BDI kind
have also been developed, but the benefits of the increased sophistication is
largely confined to well-defined areas of a need rather than offering general
solutions[LUCK03].

Internal Agent Architectures:

– Reactive Architecture

– Belief  Desire Intention Architecture – BDI

– Behavioral Architecture

Reactive Architecture is the simplest model, where agents perform predefined
actions on some environmental state. (e.g. thermostat)

BDI architecture is a model where an agent is divided into 3 main parts: 

• Beliefs – This is agent knowledge about the current state of its environment

• Desires – Goals to achieve

• Intentions – plans to act upon to achieve the desires

BDI architecture[WOOL02] is well known and lot of work has been done on it,
but  it  has  never  been used  in  any real  commercial  application.  However,
many of  its  features  were used later  in  hybrid  architectures,  and also the
architecture presented in this thesis has some aspects in common with BDI.
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In  the  Behavioral  Architecture[WOOL02],  an  agent  has  several  behaviors
which are executed in sequence or on multiple levels. Some behaviors can
manage and execute others etc.  This architecture is most suitable for real
software development, and the architecture presented in this thesis is built on
such architecture.

    2.2.2   Agent Knowledge Model 

As already mentioned, there are several agent models such as BDI, reactive
or behavioral. The main focus in literature is on the externals of the agents,
their  communication  with  environment  and  other  agents.  The  internal
knowledge model is left for an agent creator. There are several tools, which
allow to create BDI based agents but this is not sufficient for any real system,
only for some simulations and tests. FIPA does not cover this area of agent
systems  either.  FIPA  specifications  just  describe  how  agents  should
communicate and how they can share, translate or communicate ontologies.
In FIPA complaint implementations of an agent system different approaches
for building the agent knowledge model can be found. 

The  most  advanced,  but  not  sufficient  approach  is  in  the  JADE[JADE04]
agent  system.  JADE support  for  ontologies  or  agent  knowledge  modeling
[CAIRE02] is based on java classes. Ontology elements and its relations and
properties  are  described  as  a  real  java  object.  This  is  powerful  for  its
manipulation,  when  developing  an  agent  code  and  “brain”  of  the  agent.
Instances of ontology classes can be passed in ACL messages (see Figure
2.2) in the form of FIPA-SL language[FIPASL]. FIPA-SL is based on predicate
logic. 

JADE developers have also defined the so called  “Content Reference Model”
(see  Figure  2.3),  This  is  a  model  for  an  agent  memory  and  its  basic
functionalities. The model has 2 main elements -  Predicate and Concept. The
concept is any object of the agent environment. Predicate connects concepts
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and it is a certain statement about, which can be true or false. Predicates can
form questions.   Very important concept is AgentAction, which defines the
actions an agent can take, and it can present agent goals. The agent model
can  be  built  by  protégé  ontology  editor[PROTWEB] and  then exported  to
JADE ontology model by protégé bean generator plug-in[BEAN02]. 

The JADE agent model is not sufficient in several ways. A model based on
java classes can not support multiple inheritance, inverse concepts and other
features of semantic ontology representations such as DAML+OIL or OWL.
The JADE ontology consists of Predicates to be able to create predicate logic
queries and statements because in the ACL message it is transformed into
the  FIPA-SL  language.  This  can  be  good  for  some  applications  but  for
knowledge management or experience management we did not find it useful
for several reasons. The predicate logic and similar structures as the JADE
model  are  very  expressive  and  powerful  but  when  we  wanted  to
visualize/present/communicate   such  knowledge  to  a  user,  only  experts
understood it (see chapter on Knowledge Presentation). The second problem
was the lack of a query engine for the FIPA-SL language. We tried to solve
both problems but we found out that the easier way to achieve better results
with less effort is an agent model based on Semantic Web standards and
technologies.  Thus  we  have  created  RDF/OWL  based  model  which  is
described  in  the  chapter  Agent  Library.  Agent  communication  based  on
RDF/OWL was presented in other works such as [OBIT04]. This work on the
other hand does not present any generic internal model, it only offers a theory
how  RDF/OWL  can  be  used  in  Agents  for  modeling  agent  memory  and
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communication. Such software libraries are not available to the public as well.
In this thesis we took some parts of those 2 models and extended it with the
event based memory model. Event based model was previously used in many
areas but  in the agent  field only  work of  Anderson[AND02] deals  with the
event model, though in a different way. When an event is detected the agents
react to it. This is a classical reactive agent. On the other hand in our model
we use events to take action and also to have a history of an action and thus
we have history of an environment in any moment of its history which can be
preprocessed at any time and different results can be achieved with same
knowledge model.

    2.2.3  Multi Agent Platforms

Software agents need to act in a software environment. Such environment is
called an agency and its implementation is called the Agent Platform.

Many agent  Platforms have been developed by the agent  community.  We
evaluated about 50 of them[LAC01A] based on written information and also
about 5 by developing agents on such platforms.

First well known agent platforms are Telescript, dMARS or Aglets [AGLET02].

The FIPA was founded in  1996  and in  1998  and  2000 defined important
standards. FIPA integrated the effort undertaken in this field. Since then MAS
development has been standardized and previous MAS like Aglets or dMARS
did not adopt new standards. There are only about 7 platforms which follow
FIPA standards.  Zeus, Grasshopper2 [IVKGH02] and JADE [JADE04] were
evaluated and JADE was chosen as the best available platform for us. 

It seems that it was the right choice because JADE is currently widely used. It
is used also in many European IST projects. Recently Motorola has signed
cooperation with the JADE development team.

JADE agent platform is discussed in the chapter 3 Used Methodologies and
Tools.

    2.2.4  Communication and Ontology

The power of agent systems depends on inter-agent communication. Powerful
agents  need  to  be  able  to  communicate  with  users,  with  customers,  with
system resources, and with each other if they want to cooperate, collaborate,
negotiate and so on. Common agent languages hold the promise of diverse
agents  communicating  to  provide  more  complex  functions  across  the
networked  world.  Indeed,  as  agents  grow  more  powerful,  their  need  for
communication increases. The two agent communication languages with the
broadest uptake are KQML[KQML] and FIPA ACL. KQML was developed in
the early 1990s as part of the US government's ARPA Knowledge Sharing
Effort,  and  is  a  language  and  protocol  for  exchanging  information  and
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knowledge, which has been used extensively. The Foundation for Intelligent
Physical  Agents  (FIPA)  is  a  nonprofit  organization  aimed  at  producing
standards  for  the  interoperation  of  heterogeneous  software  agents.  The
unproductive “standards war” scenario that  might  have arisen at  one point
seems now to have been avoided, with the most active participants supporting
the FIPA effort, which incorporates many aspects of KQML[KQML]. Europe
has been a prime mover in the FIPA standardization effort, which seeks to
address interoperability concerns through a sustained program. This is one
area in which the visibility of agent technology is strong, with some of the
most active take-up efforts from early adopters as, for example, is illustrated
by the Agentcities[ACITY02] initiative. Despite their  merit,  KQML and FIPA
ACL only deal with agent-to-agent communication. If we understand an agent
as something that can act on behalf of a human or an organization, human-
computer interface issues are crucial for the acceptance of agent technology.
Questions remain of how a task can be delegated from a user to an agent,
how user preference structures can be transferred to agents, and how the
state of task execution can be adequately monitored and controlled by the
user [LUCK03]. 

Communication can be understood also as main sensors for software agents,
since  it  is  how agents  can learn,  share  knowledge and interact  with  their
environment. In this Thesis,  by communication, FIPA-ACL[FIPAACL] based
communication is meant, where as content language RDF[RDFW3C] or OWL
[OWLWEB] is used.

We think that recent commercial technologies like WSDL,  XML-RPC, SOAP
or P2P came out of MAS research area. For example WSDL and UDDI can
be understood as a subset of what FIPA ACL is capable, however for most of
applications features of XML-RPC or for most complicated interaction  SOAP
and WSDL is sufficient. We think that agents can move forward only when
they  incorporate  existing  commercial  communication  technologies  such  as
XML-RPC,  SOAP and WSDL,  and thus they will  be able to  communicate
within the user and other existing software systems.

2.2.4.1 ACL Message Structure

A  message  written  in  FIPA  Agent  Communication  Language  (ACL)  is  a
structured  message  consisting  of  the  following  elements:  performative,
sender,  receiver,  reply-to,  content,  language,  encoding,  ontology,  protocol,
conversation-id,  reply-with,  in-reply-to,  reply-by.  For  more  details  see
[FIPAACL]. The most important elements are performative, content, language
and ontology.  The remaining elements are simple elements,  which control
agent communication.

Performative  consists  of  Communicative  Acts  which  are  listed  in  a  table
bellow. In our examples and also in demo we use only the Inform and Query
message type.
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Performative Description
INFORM The sender informs the receiver that a given proposition

is true.
INFORM-REF A  macro  action  for  sender  to  inform  the  receiver  the

object which corresponds to a descriptor, for example, a
name.

NOT-
UNDERSTAND

The sender of the act (for example, i) informs the receiver
(for  example,  j)  that  it  has  perceived  that  j  performed
some action, but that i did not understand what j just did.
A particular common case is that i  tells j  that i  did not
understand the message that j has just sent to i.

QUERY-REF The action of asking another agent for the object referred
to by a referential expression.

REFUSE The  action  of  refusing  to  perform a  given  action,  and
explaining the reason for the refusal.

REQUEST The sender requests the receiver to perform some action.
One  important  class  of  uses  of  the  request  act  is  to
request  the receiver  to  perform another communicative
act.

FAILURE The action of  telling another  agent  that  an action was
attempted but the attempt failed.

REQUEST-
WHEN

The sender wants the receiver  to perform some action
when some given proposition becomes true.

REQUEST-
WHENEVER

The sender wants the receiver to perform some action as
soon as some proposition becomes true and thereafter
each time the proposition becomes true again.

SUBSCRIBE The act of requesting a persistent intention to notify the
sender of the value of a reference, and to notify again
whenever the object identified by the reference changes.

AGREE The action of agreeing to perform some action, possibly
in the future.

2.2.4.2 Content Languages

When agents are communicating, they exchange some content – “text” of the
message. The content can be written in different languages. 

• Content  language  FIPA-KIF:  KIF  –  Knowledge  Interchange  Format
[KIFWEB] is a language designed for use in the interchange of knowledge
among disparate computer systems (created by different programmers, at
different times, in different languages, and so on). FIPA-KIF is FIPA’s  KIF
specification for agent communication[FIPAKIF].

• Content language FIPA-RDF: RDF – Resource Description Framework is a
language used in FIPA-RDF specification. The RDF model proposes the
eXtensible Markup Language (XML) as an encoding syntax, but does not
prevent anyone from using alternative encoding schemes. All  FIPA-RDF
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message contents will therefore use XML encoding, although, in principle,
other encoding schemes could be used[FIPARDF]. 

• Content  language FIPA-SL:  FIPA Semantic  Language was proposed by
FIPA as very similar to KIF but more precise and well defined. FIPA-SL
content language. FIPA-SL[FIPASL] is supported by agent platform JADE
[CAIRE02].

2.2.4.3 Ontology in MAS

Ontology defines the meaning of the terms in used content language and the
relation among these terms. The model of agent communication in FIPA is
based on the assumption that two agents,  who wish to converse, share a
common ontology for  the domain  of  discourse.  It  ensures that  the agents
ascribe  the  same  meaning  to  the  symbols  used  in  the  message.  Using
ontology not only allows communication between agents but also gives the
possibility for  agents to reason about the concept.

Ontologies are dependent on used content language. In MAS ontologies are
usually simple. The best known implementation of ontology is in JADE agent
system.  Ontology  classes  are  represented  by  real  Java  classes  with
properties. Instances of classes are individuals – information which can be
stored or  communicated.  However  UML or  object  oriented ontology is  not
sufficient because, multiple inheritance, inverse properties and other features
present in RDF or OWL can not be used. Thus we moved in our work the way
of semantic web – OWL. 

    2.2.5  Standardization in MAS

In the area of using software agents many MAS were developed but lacking
standards. Two main standardization groups were formed:

• MASIF – Mobile Agents - first standardization focused mainly on mobile
agents –  This originated from the CORBA specification

• FIPA  –  Intelligent  agents  -  originally  focused  on  agent  management,
communication,  knowledge,  currently  support  also  nomadic  support
(migration)

The Foundation for Intelligent Physical Agents (FIPA)  is a nonprofit
organization formed in 1996 to produce software standards for heterogeneous
and interacting agents and agent-based systems. In the production of these
standards, FIPA requires input and collaboration from its membership and
from the agent’s field in general to build specifications that can be used to
achieve interoperability between agent-based systems developed by different
companies and organizations. 
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FIPA specifications are divided into following areas[FIPA02]:

• Application

• Abstract Architecture

• Agent Communication

• Interaction Protocols

• Communicative Acts

• Content Languages

• Agent Management

• Agent Message Transport

• ACL Representations

• Envelope Representations

• Transport Protocols

    2.2.6  Summary & Conclusion of State of the art in MAS

With Agents it is like with any other technology. Agents will be successful after
such solutions have reached a critical  mass  [WILL03],  like a cell  phone is
useless if nobody has one. 

According  to  Agent  Technology Roadmap[LUCK03],  which  is  the  result  of
AgentLink II[ALINK02] community, there is a number of broad technological
challenges for research and development over the next decade in the agent
technology. 

• Increase quality of agent software to industrial standard: One of the most
fundamental  obstacles to  large-scale take-up of  agent technology is  the
lack  of  mature  software  development  methodologies  for  agent-based
systems.  Clearly,  basic  principles  of  software  and  knowledge
engineering need to be applied to the development and deployment of
multi-agent  systems,  but  they  also  need  to  be  augmented  to  suit  the
differing demands of this new paradigm.

• Provide effective agreed standards to allow open systems development. In
addition to  standard languages and interaction protocols,open agent
societies  will  require  the  ability  to  collectively  evolve  languages  and
protocols specific to the application domain and to the agents involved.
Some work has commenced on defining the minimum requirements for a
group  of  agents  with  no  prior  experience  of  each  other  to  evolve  a
sophisticated communications language, but this work is still in its infancy.
Research in this area will draw on linguistics, social anthropology, biology,
the philosophy of language and information theory.

• Provide semantic infrastructure for open agent communities: At present,
information agents exist in academic and commercial laboratories, but are
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not  widely  available  in  real  world  applications.  The  move  out  of  the
laboratory is likely to happen in the next ten years, but requires: a greater
understanding  of  how agents,  databases  and  information  systems
interact; investigation of the real-world implications of information agents
(for  example,  including  the  economic  effects  of  shop-bots);  and
development  of  benchmarks  for  system  performance  and  efficiency.  In
order to support this, further needs include: new web standards that enable
structural and  semantic description of information;  and  services that
make use of these semantic representations for information access at a
higher level. The creation of common ontologies, thesauri or knowledge
bases play  a  central  role  here,  and  merits  further  work  on  the  formal
descriptions  of  information  and,  potentially,  a  reference  architecture  to
support the higher level services mentioned above.

• Develop  reasoning  capabilities for  agents  in  open  environments:  At
present,  organizational approaches do not adequately handle the issues
inherent in open multi-agent systems, namely heterogeneity of agents, trust
and accountability, failure handling and recovery, and societal change. The
next  challenge  for  agent-based  computing  is  to  develop  appropriate
representations  of  analogous  computational  concepts  to  the  norms,
legislation,  authorities,  enforcement,  etc.,  that  can  underpin  the
development and deployment of dynamic electronic institutions. Similarly,
virtual  organizations involve dynamic coalitions of small  groups that can
provide more  services and make more profits  than an individual  group.
Moreover, such coalitions can disband when they are no longer effective.
At present, coalition formation for virtual organizations is limited, with such
organizations largely static. The automation of coalition formation will save
both time and labor, and maybe more effective at finding better coalitions
than humans in complex settings. Related issues include negotiation and
argumentation, and domain-specific models of reasoning, both of which
may be used to form such groups of agents in open environments.

• Develop agent ability to understand user requirements: At the architecture
level, future avenues for learning research include developing distributed
models of profile management, as well as more general distributed agent
learning techniques rather  than just  single  agent  learning  in  multi-agent
domains. Developing approaches to personalization that can operate in a
standards-based,  pervasive  computing  environment  presents  many
interesting  research  challenges  including,  how  to  integrate  machine
learning  techniques  (for  profile  adaptation)  with  structured  XML-based
profile representations .Another are a deserving of greater activity is that of
distributed profile management a task for which the agent based paradigm
should be well  suited. The  impact of the emerging Semantic Web on
approaches for wrapper  induction and text-mining also  requires careful
study

• Develop agent ability to adapt to changes in environment: Develop agent
ability  to  adapt  to  changes  in  environment.  Even  though  learning
technology is clearly crucial for open and scalable multi-agent systems, it is
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still in early development. While there has progress in many areas, such as
evolutionary approaches and reinforcement learning, these have still  not
made  the  transition  to  real-world  applications.  Reasons  for  this  can  be
found in problems of scalability and in user trust in self-adapting software.
In the longer term,learning techniques are likely to become a central part of
agent  systems, while  the shorter term offers application opportunities in
areas such as interactive entertainment, which are not safety critical

• Ensure user confidence and trust in agents: Ensure user confidence and
trust in agents. Collaboration of any kind, especially in situations in which
computers act on behalf of users or organizations, will only succeed if there
is trust. For this trust to be given requires a variety of factors to be in place.
First, a user must have confidence that an agent or group of agents which
represents them within an open system will act effectively on their behalf it
must be at least as effective as the user would be in similar circumstances.
Second,  agents must  be secure and tamper-proof,  and must  not  reveal
information  in  appropriately  (e.g.,  bank  account  details).  There  is  much
work on system security, cryptography and privacy which can be exploited
and adapted for use in agent technology. Finally, if a user is to trust the
outcome of an open agent system, they must have confidence that agents
representing  other  parties  or  organizations  will  behave  within  certain
constraints.  Mechanisms to do this  include:  reputation mechanisms;  the
use  of  norms  (social  rules)  by  all  members  of  an  open  system;  self-
enforcing protocols, which ensure that it is not in the interests of any party
to break them;and electronic contracts.

As  already  mentioned,  this  summary  comes  from  the  Agent  Technology
Roadmap developed by many Agent researchers in Europe and world-wide.
In bold we have selected the problems, which are partially  covered in  the
thesis.  The  problems  of  knowledge  management,  using  of  semantic  web
ontologies and inter connection with existing commercial technologies is what
was intended to  cover in the thesis.
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  2.3  Knowledge and Ontology

This chapter describes methods, techniques and representations used in the
Knowledge  Management  area.  Under  knowledge  we  understand  the
knowledge  built  on  facts,  events  which  happened  in  the  environment  of
problem domain. Knowledge in this form can be represented by ontologies.
Especially focus is given on ontologies as defined in the Semantic web area.
Chapter  discuses  also  main  principles  of  experience  management  and
knowledge presentation to the users.

    2.3.1  Role of Semantic Web in KM and Ontology Field

The Semantic Web is envisioned as an extension of the current web where, in
addition  to  being  human-readable  using  WWW  browsers,  documents  are
annotated  with  meta-information.  This  meta-information  defines  what  the
information (documents) is about in a machine processable way. The explicit
representation  of  meta-information,  accompanied  by  domain  theories  (i.e.
ontologies),  will  enable  a  web  that  provides  a  qualitatively  new  level  of
service.  It  will  weave  together  an  incredibly  large  network  of  human
knowledge  and  will  complement  it  with  machine  processability.  Various
automated  services  will  help  the  user  achieve  goals  by  accessing  and
providing  information  in  machine-understandable  form.  This  process  may
ultimately create extremely knowledgeable systems with various specialized
reasoning services systems that can support us in nearly all aspects of life
and that will become as necessary to us as access to electric power.

Ontologies offer a way to cope with heterogeneous representations of web
resources.  The  domain  model  implicit  in  an  ontology  can  be  taken  as  a
unifying  structure  for  giving  information  a  common  representation  and
semantics. The ontology representation in semantic web started with XML,
RDF  and  continued  with  DAML  and  currently  end  up  with  OWL  –  Web
Ontology Language. 

HTML=> XML => RDF => RDFS =>DAML+OIL => OWL

Ontology in XML form thus comes from semantic web community.

Knowledge as represented so far in MAS comes from Artifical intelligence (AI)
– Logic programming and Experts Systems. While in the semantic web you
describes  domain  as  objects  related  to  problem  domain,  in  logic  you
describes formulas or rules valid for such objects. 

AI field is based on Lisp structures and Prolog like expressions but it became
to define ontologies for  entities,  which defined rules are about.  Ontologies
used in Agents systems so far are week and are more thesaurus like or some
protocol  defined, where we know what the words mean but we don't know
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and we don't need to know relations etc. Even FIPA[FIPA02] has no definition
about how ontology model of agent should look. There are several standards
of  FIPA[FIPAONT00] related  to  ontology -  agent  for  ontology sharing  and
special service ontologies mostly on level of protocols not real ontology. On
the  other  hand  the  semantic  web  tries  to  include  more  reasoning  over  a
created model – to include some rule based inference and other AI results.
Thus those 2 fields are merging. Basically we can say that currently semantic
web wants to include AI results in XML way and MAS research ontologies as
in the semantic web in LISP or Description Logic way (FIPA-SL[FIPASL]) So
the difference is that both fields need something but are not merging. There
are also many common points such as OWL-DL, which is subset of  OWL
compatible with Description Logic.

Since  XML is  a  widely  used commercial  standard  and  new web services
technologies like WSDL, UDDI and SOAP are dealing with XML, we think that
results of semantic web should be included in the Agent area. Even if any
MAS researcher can say that the web service technology is only a subset of
power which ACL and FIPA communication standards give us. The problem
why FIPA standards were not used is in lack of ontology models. WSDL is
nothing else than a simple ontology and SOAP is just a subset of what ACL
can do but they well cover current e-business needs and MAS can not ignore
commercial  standards  and  go  different  direction  if  some  research  results
should be used.

    2.3.2  The Ontology Related Methodologies

In recent years, some research groups have proposed methodologies guiding
the ontology development process. Ushold's skeletal  methodology was the
first methodological outline proposed in 1995 on the basis of the experience
gathered in developing the Enterprise Ontology. On the basis of the Toronto
Virtual Enterprise (TOVE) project, Ushold and Grueninger (1996) described
ontology development steps. A method to build an ontology in the domain of
electrical networks was presented from Bernaras et al. (1996) as part of the
Esprit  KACTUS project.  At  the  same time Methontology  appeared (1996),
extended in later papers. In parallel, the philosophical discipline of ontology is
evolving towards an engineering discipline. In the following, we give a brief
overview of these methodologies[TSWEB].

Interesting is also Methodology for Application Driven Ontology Management
which is described in last sub chapter. The semantic structuring achieved by
ontologies  differs  from  the  superficial  composition  and  formatting  of
information  (as  data)  afforded  by  relational  and  XML  databases.  With
databases  virtually  all  of  the  semantic  content  has  to  be  captured  in  the
application logic. Ontologies, however, are often able to provide an objective
specification of domain information by representing a consensual agreement
on  the  concepts  and  relations  characterizing  the  way  knowledge  in  that
domain  is  expressed.  This  specification  can  be  the  first  step  in  building
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semantically-aware  information  systems  to  support  diverse  enterprise,
government, and personal activities.

Existing methodologies and practical ontology development experience have
in common that they start from the identification of the purpose of the ontology
and the need for domain knowledge acquisition. More information on ontology
related methodologies can be find in Appendix of the thesis.

    2.3.3  Ontology Representation and languages

Ontology  can  be  represented  by  UML[UMLWEB],  any  object  oriented
language, RDF [RDFW3C], DAML+OIL[DAML], OWL[OWLWEB] or any other
representation which can define objects, properties and its relations. OWL –
Web Ontology Language is considered by semantic web community and also
by us as the best ontology representation.

Ontologies are not all built the same way. A number of possible languages
can  be  used,  including  general  logic  programming  languages  like  Prolog.
More  common,  however,  are  languages  that  have  evolved  specifically  to
support  ontology  construction.  The  Open  Knowledge  Base  Connectivity
(OKBC) model and languages like KIF[KIFWEB] or FIPASL[FIPASL] (and its
emerging successor CL -- Common Logic) are examples that have become
the bases of  other  ontology languages.  There are also several  languages
based  on  a  form  of  logic  thought  to  be  especially  computable  known  as
description  logics.  These  include  Loom  and  DAML+OIL[DAML],  which  is
currently being evolved into the Web Ontology Language (OWL)[OWLWEB]
standard.  When  comparing  ontology  languages,  what  is  given  up  for
computability and simplicity is usually language expressiveness, which isn't
always a bad deal. A language need only be as rich and expressive as is
necessary  to  represent  the  nuance  and  intricacy  of  knowledge  that  the
ontology's purpose and its developers demand[DENNY02].

The wide array of information residing on the Web has given ontology use an
impetus, and ontology languages increasingly rely on W3C technologies like
RDF Schema as a language layer, XML Schema for data typing, and RDF to
assert data. 

The W3C has put forward a very clear architecture for the SW (see  Figure
2.4), described by Berners-Lee[BSWEB]. This architecture is cleanly layered,
starting with the foundation of URIs and Unicode. On top of that sits syntactic
interoperability in the form of XML, which in turn underlies what I like to think
of as the data interoperability layer, RDF[RDFW3C] and RDF schemas. Those
layers sum up most of the SW that's presently available in implementation
form.
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On top of RDF lie ontologies, which allow the further description of objects
and their interrelations, past the basic class-property descriptions enabled by
RDF Schema. The W3C in conjunction with DARPA and the European Union
is pursuing the development of languages in this area right now. Ontologies
provide the ability to say "my world is like this" and are the foundation that will
enable  programs  to  reason  about  different  worlds  and  environments  and
make  connections  between  them.  More  information  on  ontology
representation can be find in Appendix.  In the thesis all  described models
follow OWL-DL recommendation.

    2.3.4  Experience management

This chapter briefly summarizes bases of experience management theory and
shows the bases and direction for approach used in the thesis. This summary
is based on Bergmann book[BERG02]. 

Experience management is simply the capability to collect lections from the
past associated to cases. There is a person who has a problem p which is
described in a certain space, called the Problem Space (P). In the experience
Management system there is Case-Lesson pairs, that is (c,l), where is a Case
Space (C) and a lesson space (L). We could have a single multidimensional
vector in which we distinguish a case part and a lesson part. To be able to
collect a lesson we must first devise a problem transformation function, that is
a function that maps problem space to case space.

c = f(p)

This function should be mono valued. For the most simple cases this function
is the identity function, because the developer of the Experience Management
System (EMS)  need to characterize the problem with the same attributes of
the case. However, even in this situation, the important fact is that we are
facing a semantic bridge. We do not store problems (which are infinite and
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cannot  be  predicted)  but  cases,  which  are  a  formal  representation  of
problems solved in the past, or situations happened in the past.

To be able to re-use a particular lesson we should:

1. Characterize a problem (which of course is a separate process requiring
effort)

2. Transform the problem from the space P to the space C.

3. Choose from the cases the most “useful” lesson from the case-lesson pairs
stored in the database

4. Apply that lesson.

The point  "Choose"  introduce the function of  utility  that,  for  each problem
(transformed) outputs a number which says the utility of the use of that lesson
for  that  problem.  Unfortunately  this  function is  not  known in  advance,  but
could be verified only after the lesson is applied to the problem at hand. To
overcome this Bergman introduces the similarity function and postulates that
the most useful lesson will come from the most similar case. The problem, of
course, is to develop this similarity function which is a quite complex problem.

In our solution the described steps are recognized as:

1. Actor context detection from environment which describes problem P

2. Model is described by the ontology based knowledge model and resources
-  Active  Hints  (AH)  are  stored  with  associated  context  which  describe
space C

3. Active Hints represent lesson learned L which is associated with space C
(AH  context).  Resource/AH  context  is  matched  with  a  user  problem
described  by  the  detected  user  context.  Actor  context  is  wider  than
resource/AH context so all applicable notes are matched and returned. 

4. Applying the lesson is left on a user be reading appropriate AH or using
return resources to do an appropriate action.

2.3.4.1 Representation of Cases

There are three well known kinds of case representation:

• Unstructured Text

• Question and answer

• Structural

Unstructured text

This is the most simple case. The experience is simply stored in a form of
documents (they could be manuals for  call  center operators,  or  procedure
manuals). The experience retrieval is left entirely to the end users which will
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use simple text search utilities (Google like) to retrieve the article they want.
Keywords search is the most popular technique for retrieval in this situation.
There is no use to build this case base but it is naturally of little utility, unless
the  users  are  well  experienced,  because  textual  search  approaches  are
mostly unable to capture semantics of the text. This approach is well studied
when there are not too many cases at a time, and when each case has a
short  description with quite discriminating words occurring in the text. E.g.:
frequently asked questions.

Conversational approach

In this way the experience is gathered in the form of Conversations. A case is
represented through a list of questions that varies from one case to the other.
The case author must define the order in which the user is asked to answer
the questions during the consultation. Approach is very useful for domains
where a high volume of problems must be solved over and over. However, the
case  base  is  organized  manually  which  is  a  complex  and  costly  activity
therefore maintenance costs are high! Good for applications in which only a
few questions are needed for decision making e.g. call center. Nevertheless,
adding a new case could change the order or the meaning of the questions
abruptly.

Structural

This is the most used and useful case representation. Cases are represented
objectively inside the computer, in a “mathematical” form, that can be used by
a computer. This approach is useful in domains where additional knowledge,
beside cases, must be used in order to produce good results.

• Attribute-value representation: This is the most simple case representation.
Every case is an entity with a set of attributes and all information contained
in the case is represented through sets of attribute-values. No effort is used
to put an "order" in cases: all cases are equal. No "ontology", no classes,
no extras.

• Object oriented representation: This is the classical representation, there is
an "ontology" of cases (even if the author does not use the word ontology
but prefers to use the most common "taxonomy"). Every case belongs to a
class and classes are related using the usual object oriented relations ( is-
a, has-a). Cases are represented as collections of objects, each of which is
described by a set of attribute-value pairs. The structure of an object is
described by a class that defines the set of attributes together with a type
for each attribute. Classes are arranged in a class hierarchy that is suitable
for complex domains in which cases with different structures occur.

• Graph representation:  This is similar  to the second,  but we have cases
which are described as topological entities, that is the shape of the case is
important.  This is for applications requiring the similarity in the “physical
sense” too.
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• Predicate logic representation: This is the most complex. Simply stated
each case is represented with a series of predicates as is_Expensive() or
Near(). The predicates can be composed and could model relations which
are not simply modeled in the object oriented or in the topological
representation.

We represented cases by object and query representation. This is based on
structured representation. 

2.3.4.2 The similarity measures

To measure similarity we simply could use the distance. The less the distance
(in the space C) the more the similarity. There are several distance measures,
the classical:  (Euclidean, Hamming...)  to the most modern (fuzzy, sigmoid,
step...)  This  naturally  could  be  used  if  the  attribute  to  be  compared  is
numerical. If the attribute is not numeric something new must be found.

• Symbolic attributes

• Hierarchical attributes

• Object similarities

• Graph similarities

• Predicate similarities.

Symbolic attributes: For symbolic attributes the only alternative is to order the
symbols  (like  in  the  ASCII  code).  The  similarity  is  simply  the  numerical
distance. If the attributes cannot be ordered, the only solution is to have a
bidimensional array of distances.

Hierarchical attributes: we can distinguish similarities between the “leaves” of
the taxonomy (which is a tree) and the nodes (which are similar to classes in
the object  oriented sense).  Similarity  between leaves is dependent  on the
similarity of  the Least Most Common Ancestor,  which is stored in a table.
Similarity between inner nodes is dependent on the similarity on the semantic
of  the  query  which  is  given  by  the  user.  There  are  three  semantic
interpretations:

• Any value: the user wants a value and  it does not matter which particular
leaf node is retrieved.

• Any value in case: This is the opposite, in the case base a case is stored
which is valid for each of the leaves in the tree, a kind of generalized case.

• Uncertain: the case (or the query) is related to a particular leaf node which
we cannot specify. In this case the system must make an assumption on
the  particular  case  which  is  inside  the  tree  (optimistic,  pessimistic,
average).

Object similarities are almost the same as what was given for the hierarchical
attributes. The semantic is a bit different, though: in a taxonomy the leaves
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are “concrete” case of the abstraction of the tree, instead in an object oriented
representation  the  leaves  are  “concrete  classes”  which  are  potentially  an
infinite set of cases (each with its own attributes).

Graph  representation: the  similarity  could  be  only  topological.  In  literature
there are some algorithms that try to transform a graph into another. We could
count the number of elementary operations to transform it and this would be a
measure of similarity. The fact is that the cost of this operations is usually NP,
and so it is only valid for small graphs.

Predicate similarities: Also for predicates we could have an engine that tries to
transform a case (that is, a list of predicates) into another list (another case)
or that tries to infer the second from the first, counting how many elementary
passages must be done. Again, this algorithms are very complex and costly.

We used similarity algorithms in matching resources to current context. Our
implemented algorithms are based on Object similarities and graph similarities
because  this is most related to ontology. Moreover, our solution allows us to
create  a  user  defined  similarity  measure,  where  developed  algorithms  or
weight on certain properties can be combined with user defined requirements.

    2.3.5  Knowledge Presentation

If knowledge is represented by ontology, naturally there are several ways how
to present it. It is important in Knowledge Management Systems not only to
capture, store or discover knowledge but also to return appropriate knowledge
in a human understandable form. The personalization of  knowledge is  not
covered in the overview. Focus is mainly on how to present knowledge in an
ontological formalized form for for the user.

Object Tree

The  Object  Tree  is  the  base  of  ontology.  A  hierarchical  object  tree  with
properties can be presented to the users that is widely and commonly used
method, for example in ontology editors such as Protégé[PROTWEB] or OilEd
[OILED].  However,  this  approach is  mostly  understandable to experts who
understand ontology. As an evidence of this fact can serve our experience
with developing the so called “browse window”[LAC03C], which was powerful
in returning knowledge from knowledge base but was not understandable by
end users. As a result we can say that this approach is valuable indeed for
people who understand the structure of knowledge in ontology, they can read
it fast and get familiar with it. Browse window was developed as a part of the
first  Pellucid Prototype[LAC03A].  Regular users who do not know ontology
and  knowledge  representation  in  computer  systems  are  lost  in  such
presentation and are not able to gather any information. Subsequently we can
say this kind of presentation can be used for end users of knowledge system
only in limited ways. 
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Graph

If we talk about ontology languages based on RDF[RDFW3C] such as DAML,
DAML+OIL[DAML],  OWL[OWLWEB] or  RDF itself,  the natural  way how to
present an ontology to the user is drawing of graphs, where arches and points
can have assigned certain textual, colored or other values and names. The
best example is UML[UMLWEB] itself, but other representations exist too, like
Ontoviz  Tab[ONTOVIZ] in  the  Protégé  editor  (the  diagrams  of  ontology
models  in  the  thesis  are  developed  by  Ontoviz)  or  Cartoo  Technologies
products[CARTOO]. See Figure 2.5. A graph structure can express almost all
information encoded in ontology because values could be assigned to arches
and points  and other  data such as the width of  arch  or  the color  can be
displayed.  If  KM  system  discovers  new  facts,  users  usually  require
explanation  of  this  new  explored  fact,  this  was  confirmed  in  most  of
knowledge management projects. A graph sometimes can explain to a person
the reason of creating a new fact, by connections to other facts, or reason for
returning of knowledge to the user.  The KM system is usually not able to
create good sentences, which would explain the reasons and ways of thinking
but by a graph this can be understood, however reading of graphs require
flexible users and not everybody can understand graphs. In addition as far as
we know there is no general tool available for such graph creation, but we see
this as an area of future improvement in knowledge presentation.

XSLT Transformation

RDF based  ontology  languages  are  also  XML[XMLW3C] based  and  thus
ontology  information  can  be  simply  presented  by  XSLT[XSLW3C]
transformation  sheets  which  transform XML to  HTML.  This  approach  was
used also in the Pellucid project  and it is described in chapter 5. In XSLT, any
ways for graphical representation of knowledge encoded in ontology can be
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defined. On the other hand it involves a quite extensive customization effort.
XSLT style sheets must be created for each ontological element or at least for
each type of ontology element. XSLT is a commercial standard which is used
in many e-commerce and e-business applications, accepted by a community
and thus customization of presentation can be done by regular developers.
Such implementation does not require knowledge experts. The core of the KM
system just needs to return proper XML of a requested ontology element.

  2.4  Conclusion of State of the Art

An increasing number  of  companies  are realizing  that  their  own intranets,
email  communication  or  documents  are  valuable  repositories  of  corporate
information,  but  without  understanding  of  how  to  apply  it  effectively  this
information is likely to be useless. Knowledge management is concerned with
the  acquisition,  maintenance  and  evaluation  of  the  knowledge  of  an
organisation,  but  demands  tools  that  foster  productive  collaboration  while
capturing,  representing  and  interpreting  the  organisation's  knowledge
resources. This kind of knowledge can enhance adoption of the best practice,
highlight  new  business  opportunities,  and  speed  up  the  identification  of
produced  savings  market  dynamics  and  sales  opportunities.  At  present,
companies employ  largely manual processes, though initial applications are
being developed.

When developing any computer based system, it needs to work with different
kind of data. Recently Relational Database Management Systems (RDBMS)
are  used  for  most  of  the  information  systems.  RDBMS  are  the  most
appropriate, when problem domain of information system is  well described
and  does  not  change  over  time.  Object  Database  Management  Systems
(ODBMS) are more appropriate in the information system where all kind of
data extraction combination are necessary. However, updating indexing and
other DB operations are much slower in OODBMS compared to RDBMS and
also such solutions are not too stable. Using ontology and ODBMS makes
information  system  flexible  and  customizable.  Such  information  system
represents well the knowledge data and their information structure and can be
built on ontology or RDF based solutions e.g. RDF stores or Jena library. 

Information  agents  typically  have  access  to  multiple,  heterogeneous  and
geographically distributed information sources, in the Internet and corporate
intranets, and search for relevant information, on behalf of their users or other
agents.  This  includes  retrieving,  analysing,  manipulating,  and  integrating
information  available  from  geographically  distributed,  distinct,  autonomous
information  sources.  An  intelligent  information  agent  should  pro-actively
acquire, mediate, and maintain the relevant information on behalf of users or
other  agents.  Acquisition  and  managing  information  may  also  imply  the
purchase of information where appropriate, filtering, monitoring and updating,
as well as data mining for some high-function tasks. The agent should be able
to present both unified views, and different perspectives of the information, to
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the user. These processes will involve fusing heterogeneous data. This can
also  be  seen  as  a  move  from  Enterprise  Application  Integration  (EAI)  to
Enterprise Application Collaboration,  which is not so much concerned with
information management as with process management. Agent technology is a
technology that helps to improve processes. Knowledge management using
agents is just a means to this end [LUCK03].

MAS  architectures  (BDI,  Behavioral  or  FIPA)  have  a  representation  of
knowledge model. In BDI architecture believes represent a knowledge model.
In  Behavioral  architecture  knowledge is  hidden  in  variables  and algorithm
states or can be represented by additional mechanisms (rules, ontology etc.)
FIPA describes knowledge model based on ontology. However leave ontology
based  agent  memory  model  manipulation  and  understanding  of  internal
design  of  agent  on  developers  decesions.  FIPA  also  defines  knowledge
manipulation based on content languages such as FIPA-SL, FIPA-KIF, which
are powerful but different than ontology description in the semantic web area
(DAML+OIL,  OWL).  FIPA defines  also  FIPA-RDF,  but  this  is  just  about  a
message structure. All implementations of FIPA architecture is thus week and
not  very suitable for  developers which would like to  build  their  knowledge
management  systems  using  software  agents.  For  this  reason  we  have
decided to integrate semantic web results into MAS and create architecture,
methodology and software for such integration. Furthermore  we developed
generic  knowledge  model  based  on  ontology  suitable  for  holding  agent
knowledge model. This model can be extended and thus used for many areas
especially  for  experience  management.  The  thesis   objectives  are
concentrated on the vision, which we have based on the current state of the
art  and trends in  the field.  This  vision  is  to  support  theory,  modeling  and
software libraries and tools for  Knowledge and Agent based information
systems.

  2.5  Objectives of the Thesis

The concrete objectives of the Thesis are:

• Design  of  Agent  Architecture,  which  uses  Ontology  based  Knowledge
Model

• Design of Software Development Methodology for creation of Agents with
Ontology based Knowledge Model

• Design  of  Generic  Ontology  model  for  experience  management  with
extension for different application domains.

• Design & Development of software library for building of Intelligent Agents
with Ontology Knowledge Model with possibility to plug agents to existing
commercial technologies

• Design and Development of user friendly knowledge presentation.

• Evaluation of results on real pilot operation.
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3  Used Methodologies and Tools

In  this  chapter  main  methodologies  and  tools  used  within  the  thesis  are
described.

  3.1  Methodologies

The chapter discusses methodologies used in the knowledge management
system design and a life cycle. Some of them focus strictly on Ontological
approach or  Agent  oriented  approach.  The  formal  methods  for  describing
ontology based models are presented.

    3.1.1  Unified Modeling Language (UML)

The Unified Modelling Language – UML[UMLOMG] -  is  OMG's[OMGWEB]
most-used specification, and the way the world models not only application
structure, behaviour,  and architecture, but  also business process and data
structure.  

The OMG's Unified Modelling Language UML helps to specify, visualize, and
document models of software systems, including their structure and design, in
a way that meets all of these requirements. (UML can be used for business
modelling and modelling of other non-software systems too.) Using any  of the
large  number  of  UML-based  tools  on  the  market,  future  application
requirements  and  design  a  solution  that  meets  them  can  be  analyzed,
representing the results using UML's standard diagram types.

UML defines twelve types of diagrams, divided into  three categories: Four
diagram types represent a static application structure; five represent different
aspects of dynamic behaviour; and three represent ways you can organize
and manage your application modules. 

Structural Diagrams include 

• Class Diagram

• Object Diagram
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• Component Diagram

• Deployment Diagram

Behaviour Diagrams include  

• Use Case Diagram (used by several methodologies during requirements
gathering); 

• Sequence Diagram, 

• Activity Diagram, 

• Collaboration Diagram, 

• Statechart Diagram. 

Model Management Diagrams include 

• Packages

• Subsystems

• Models. 

Use case, sequence and class diagrams were used within developed thesis
methodology. As a UML modelling tool Umbrello UML modeller[UMLSF] was
used, which is open source software. It supports standard features of UML
and can generate code for JAVA, PHP and C languages.

3.1.1.1 Agent based UML (AUML)

Multi-agent systems (MAS) are often characterized as extensions of object-
oriented  systems.  This  overly  simplified  view  has  often  troubled  system
designers as they try to capture the unique features of MAS systems using
OO tools. In response, an agent-based unified modeling language (AUML)
[AUML] is  being  developed.  The  FIPA  Modeling  TC's  goal,  which  try  to
develop AUML, wants to be domain independent. It tries to examine those
areas where it has expertise: service-oriented architecture (SOA), business
process  management  (BPM),  simulation,  real-time,  AOSE,  robotics,
information  systems  and  others.  Instead  of  reliance  on  the  OMG's  UML,
AUML  intend  to  reuse  of  UML  wherever  it  makes  sense.  The  general
philosophy, then, is: When it makes sense to reuse portions of UML, then do
it;  when it doesn't make sense to use UML, use something else or create
something new.

Within  the dissertation AUML features were  used only  in  a  limited extent,
since  there  is  no tool  available.  UML models,  which  are  relevant  also  for
Agent oriented modeling with additional text or table description were used.
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    3.1.2  CommonKADS Methodology

The  CommonKADS  methodology[CKADS] comprises  a  collection  of
structured methods for building KM systems, concentrating on the modeling
activity  and proposing the development  of  a  set  of  models in  its  concrete
organizations and application contexts:
• the  organizational  model  –  describes  the  organizational  function  and

structure;
• the task model – describes tasks required to operate;
• the agents model – describes the capabilities required from agents;
• the communication model – describes communication between agents;
• the knowledge model – describes expertise required to operate focusing

on knowledge of the domain and inference processes;
• the design model – describes design of the KM system.

The CommonKADS modeling process is  of  a great  use in  developing KM
system within  a  particular  domain.  On the  contrary,  work  done within  the
thesis  can  be  seen  as  a  model  and  library  for  generic  knowledge  and
experience management system. 
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3.1.2.1 Protégé as a Tool for CommonKADS

CommonKADS methodology is general methodology which is not linked with
any  concrete  tool.  Such  tool  also  does  not  exist  but  it  was  recognized
[PROTKADS] that a protégé ontology editor can support most of the modeling
methodology.  Protégé  thus  can  be  used  as  a  tool  for  constructing
CommonKADS knowledge models. The CommonKADS knowledge model  is
specified as an ontology in the Protégé specification formalism, and define a
number of visualizations for the resulting types. The studies show that  usage
of Protégé as a "meta CASE" tool is to a large extent feasible. Moreover use
of Protégé can show how the concrete, operational approach of Protégé and
the  highly  methodological  approach  of  CommonKADS  can  be  combined
successfully to provide the middle-ground tool that reduces the gap between a
conceptual model and a usable knowledge model. The dissertation applied
the methodology approach of CommonKADS with Protégé tool. 

3.1.2.2 MAScommonKADS  

MAS-CommonKADS  proposes  an  agent-oriented  methodology.  This
methodology  extends  the  knowledge  engineering  methodology
CommonKADS with techniques from object oriented and protocol engineering
methodologies.  The  methodology  consists  of  the  development  of  seven
models[MASKADS]: 

• Agent Model, that describes the characteristics of each agent; 

• Task Model, that describes the tasks that the agents carry out; 

• Expertise Model,  that describes the knowledge needed by the agents to
achieve their goals; 

• Organization  Model,  that  describes  the  structural  relationships  between
agents (software agents and/or human agents); 

• Coordination  Model,  that  describes  the  dynamic  relationships  between
software agents; 

• Communication Model, that describes the dynamic relationships between
human agents and their respective personal assistant software agents; 

• Design Model, that refines the previous models and determines the most
suitable  agent  architecture for  each agent,  and the requirements  of  the
agent network.
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    3.1.3  Formal Methods Used for Ontology model description

In  this chapter we specify  formal  methods for  ontology models description
based on graph representation and Description Logic (OWL-DL). Such model
description was used in the thesis to depict developed ontology models.

3.1.3.1 Ontology models Using Description Logic 

Ontologies in the semantic web area can be described by Description Logic
(DL) too. Not all  ontology models can be specified using DL but within the
thesis we used only OWL-DL based models for the reasons explained in State
of  the  Art  chapter.   Figure  3.3 and  Figure  3.4 show  conversion  tables
[HORR04] between OWL-DL definitions and DL. In the thesis we use such
formalism[DLBOOK] to describe ontology models.
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3.1.3.2 Graph Ontology representation

On Figure 3.5 is shown a well known example of an ontology use. Ontology
defines  parent-child   relations.  Based  on  an  ontology  model,  information
“Mary is mother of John” is stored. If one will ask the system who is ParentOf
John system can answer Mary, even if such information can be only inferred
and it is not directly stored in the system. 
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The  thesis  applies  similar  ontology  diagrams  as  on  Figure  3.5.  This  is
understood as a formal representation of ontology described by graph. Black
boxes represent ontology classes, black arrows stand for relations between
classes,  mostly  inheritance  relations,  expressed  by  words  “is  a”.  Property
relations are represented by blue arrows with name of property and cardinality
that  is  mostly  multiple  “*”.  Red boxes denote  ontology individuals  and red
arrows relations of an  individual to ontology class with associated letters  “io”.
In addition such ontology models can be formally described  using OWL-DL or
Description  Logic  as  explained   above,  but  it  is  more  understandable  for
readers if  it  is in a form of graphs. For this reason such approach is used
within  the  thesis.  Such  graphs  can  be  generated  using  Ontoviz  plug-in
[ONTOVIZ] for Protégé.

Used Methodologies and Tools  43
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  3.2  Tools

The chapter contains a tool list  with description,  which had been used for
modeling and developing software depicted in the thesis.

    3.2.1  Protégé Ontology Editor

Protégé  is  an  open-source  development  environment  for  ontologies  and
knowledge-based  systems.  It  is  a  tool  supporting  the  construction  of
ontologies and it also provides an application platform for knowledge based
systems and libraries for  application building.  Protégé is  developed at  the
Stanford University School. It is the best-known ontology editor with plug-ins
that supports OWL and enables[PROTWEB]:

• loading and saving OWL and RDF ontologies,

• editing and visualizing OWL classes and their properties,

• defining logical class characteristics as OWL expressions,

• executing reasoners such as description logic classifiers,

• editing OWL individuals for Semantic Web markup.

Protégé has flexible architecture and is easy to configure and extend. Protégé
has an open-source Java API for the development of  custom-tailored user
interface components or arbitrary semantic web services.

There are several other ontology editors such as OilEd, OntoEdit or DUET.
From our experience Protégé with its plug in architecture gives much wider
possibilities. 

Protégé has many plug-ins and several are important for work done within the
dissertation.

• OWL Storage plug-in allows to create and manipulate OWL ontologies.

• OntoViz plg-in[ONTOVIZ]  was used for visualization of ontology to graphs.
All ontology structures (figures) in the thesis are created using this plug-in.
Result graphs are similar to UML diagrams.

• Bean  Generator  plug-in[BEAN02] can  be  used  for  exporting  ontology
developed  in  Protégé  to  JADE  ontology  model.  This  was  used  to  test
capabilities of ontology based on Java class representation and FIPA-SL
language.
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    3.2.2  JADE agent platform

JADE (Java Agent DEvelopment Framework) is a software framework fully
implemented in Java language. It simplifies the implementation of multi-agent
systems  through  a  middle-ware  that  claims  to  comply  with  the  FIPA
specifications and through a set  of  tools that  supports the  debugging and
deployment phase[JADEDOC]. 

The communication architecture offers flexible and efficient messaging, where
JADE creates and manages a queue of incoming ACL messages, private to
each  agent;  agents  can  access  their  queue  via  a  combination  of  several
modes: blocking, polling, timeout and pattern matching based. The full FIPA
communication model has been implemented and its components have been
clearly distincted and fully integrated: interaction protocols,  envelope,  ACL,
content  languages,  encoding  schemes,  ontologies  and,  finally,  transport
protocols.  The  transport  mechanism,  in  particular,  is  like  a  chameleon
because  it  adapts  to  each  situation,  by  transparently  choosing  the  best
available protocol. Java RMI, event-notification, and IIOP are currently used,
but more protocols can be easily added and integration of HTTP has been
already  achieved.  Most  of  the  interaction  protocols  defined  by  FIPA  are
already  available  and  can  be  instantiated  after  defining  the  application-
dependent behavior of each state of the protocol. SL and agent management
ontology have been implemented already, as well  as the support  for user-
defined  content  languages  and  ontologies  that  can  be  implemented,
registered with agents, and automatically used by the framework[JADEDOC]. 

JADE is being used by a number of companies and academic groups, both
members  and  non-members  of  FIPA,  such  as  BT,  CNET,  NHK,  Imperial
College, IRST, KPN, University of Helsinky, INRIA, ATOS and many others.
JADE is also most used Agent platform in Agent related scientific projects. It
is available under Open Source License. 

Agent  architecture  presented  in  the  thesis  is  built  on  JADE  agents  with
developed extension for Agent Knowledge Model and libraries for supporting
this model and connection of architecture to commercial standards such as
XML or XML-RPC.

    3.2.3  Jena library

Jena is a java framework for building Semantic Web applications. It provides a
programmatic environment for RDF, RDFS and OWL, including a rule-based
inference engine. Jena is open source and grown out of work with the HP
Labs Semantic Web Program. 

The Jena Framework includes: 

• A RDF API

• Reading and writing RDF in RDF/XML, N3 and N-Triples
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• An OWL API

• In-memory and persistent storage

• RDQL  a query language for RDF

RDQL is a query language for RDF in Jena models. The idea is to provide a
data-oriented query model so that there is a more declarative approach to
complement the fine-grained, procedural Jena API.

It is "data-oriented" in that it only queries the information held in the models;
there is no inference being done. Naturally, the Jena model may be 'smart' in
that it provides the impression that certain triples exist by creating them on-
demand. However, the RDQL system does not do anything other than take
the description of  what the application wants,  in the form of  a  query, and
returns that information, in the form of a set of bindings.

RDQL is an implementation of the SquishQL RDF query language[SQISHQL],
which itself is derived from rdfDB[RDFDBWEB]. This class of query languages
regards RDF as triple data, without schema or ontology information unless
explicitly included in the RDF source.

RDF provides  a  graph  with  directed  edges  -  the  nodes  are  resources  or
literals. RDQL provides a way of specifying a graph pattern that is matched
against the graph to yield a set of matches. It returns a list of bindings - each
binding  is  a  set  of  name-value  pairs  for  the  values  of  the  variables.  All
variables are bound (there is no disjunction in the query).

The jena/db module provides an implementation of the Jena model interface
but with the ability to store and retrieve RDF statements using a database. It
currently supports MySQL, Oracle and PostgreSQL for persistent storage and
runs under Linux and WindowsXP.

The Jena2 inference subsystem is designed to allow a range of inference
engines or  reasoners to  be plugged into Jena. Such engines are used to
derive additional RDF assertions which are entailed from some base RDF
together  with  any  optional  ontology  information  and the  axioms and rules
associated with the reasoner. The primary use of this mechanism is to support
the use of languages such as RDFS and OWL which allow additional facts to
be  inferred  from  instance  data  and  class  descriptions.  However,  the
machinery is  designed to  be quite  general  and,  in particular,  it  includes a
generic  rule  engine  that  can  be  used  for  many  RDF  processing  or
transformation tasks.

The Jena is used in work presented in the thesis as API for OWL manipulating
and storage.
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4  Ontology in MAS – Architecture,
Methodology, Libraries

In this chapter we will cover the following goals of the dissertation:

• Design  of  Agent  Architecture,  which  uses  Ontology  based  Knowledge
Model

• Design of Software Development Methodology for creation of Agents with
Ontology based Knowledge Model

• Design & Development of software library for building of Intelligent Agents
with  Ontology Knowledge Model with possibility to plug agents to existing
commercial technologies

  4.1  Design of Agent Architecture

We have described internal agent architectures in the State of the Art chapter.
There are three basic types of architectures:

• Belief Desire Intention (BDI)

• Reactive

• Behavioral

Most of  the architectures are combinations of all  the three types – the so
called hybrid architectures. We focused on behavioral architecture, where an
agent memory model used for behaviors implementations was created within
the thesis.

First we will describe agent memory formally by sets and description logic and
subsequently we will move to modeling and implementation using RDF/OWL.

Model is based on events. Idea is taken partially from JADE ontology model –
predicates and concept. As we described in chapter 2, JADE ontology model
[CAIRE02] has some limitations.
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    4.1.1  Formal Specification of Agent Knowledge Model 

Our  model  is  based  on  five  main  elements:  Resources,  Actions,  Actors,
Contexts and Events.

Set R is a set of all resources in the agent environment. It can be divided or
composed of subsets Ri  which are the different types of resources.

Ri ⊂  R

r ∈ R

Set AR is special subset of R. It is a set of actors in the environment. 

AR ⊂  R

ar ∈ AR

Actor ar can take an action an from the set of actions AN.

an ∈ AN

Event  e from the set of events E is an action taken by actor(s) on particular
resource(s) in the situation described by context c from a set of contexts C in
time t

e ∈ E

c ∈ C

C  ⊃  R ∪  AN ∪  AR

Most common events  are defined as:

e = an × r  × ar × Ci

In general the event can be defined as follows:

e = AN
i × Rj  × AR

k
 × Cl

So  far  we  have  described  how  an  agent  can  hold  and  represent  its
environment  model.   Structured  resources with  defined  subtypes  describe
main  parts  of  the  agent  environment.  Actors as  a  special  subclass  of
resources  can  affect  the  environment  by  taking  actions  on  resources in
particular situation described by  context of situation. We call this  events. As
events are received to the agent memory the agent needs to update its own
agent state and resources which the agent is interested in by its goals. Now
we will describe the agent model.

Agent  at from a set of agents  AT is a subtype of an actor. Thus we will talk
about an actor model which is more general and applicable on agent too. One
of actors can also be an agent owner – a human user and applications an
agent and user model should be different but on the same bases.
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At ⊂  AR

at ∈ At

The actor model consists of actor's resources ra from RA and contains actor's
context  ca from  CA.  Resources  and  context  are  updated  by  an  actor  /
application / goal defined function. Definition of this function is not a part of the
agent memory model and can be labeled as a brain in the agent memory. We
will  describe  the  simplest  function  which  is  implemented  in  demo.  Next
chapter deals with more sophisticated methods for updating the actor model
applicable for experience management and the evaluation chapter will  give
more details on a use in a real application.

CA
new = fC(ea,CA

old)

RA
new = fR(CA

new,RA
old)

First  we  update  the  actor  context  based  on  an  old  actor  context  and
new/received  event  related  to  the  actor.  Then  we update  actor  resources
based on current/new actor context and old resources.

Actor context is understandable without explanation. Clearly we need  context
or  environment state which is  relevant  for  the actor  or  agent.  Function or
algorithm fc keeps context up to date. Actor resources are updated by function
or algorithm fR. Such resources often need to be extended by a more complex
structure but basically we identify that such resources are necessary for the
actor/agent to take an action or they are results of taken actions. 

4.1.1.1 Formal Specification of Model Using Description Logic

Here we specify the same model more precisely using description logic (DL).
Figure 4.1 shows formal graph representation using the same terms as model
described in this chapter.

Resource class stands for all the resources in the agent environment. Many
subclasses  representing  resource  types  can  be  defined  as  a  part  of
customization of the model. Important subclass of Resource is Actor.

Actor ⊆ Resource

{actor} ∈ Actor

Actor class denotes actors in the environment. Actor individuals  can take an
actions {action} which are individuals of Action class.

{action} ∈ Action

Task  class  symbolizes  done  tasks  or  tasks  need  to  be  done  in  the
environment  but  depending  on  application  it  can  represent  problems  too.
Domain class stand for  application domain extension of ontology,  while all
extensions  should  be  subclasses  of  this  class.  Context  class  represents
context of actors, environment or else. 
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Resource ⊆ Context

Action ⊆ Context

Domain ⊆ Context

{domain} ∈ Domain

Task ⊆ Context

Context  ⊃ Resource ∪ Action ∪ Domain ∪ Task

{context} ∈ Context

Important  property  of  Task  is  domain.  This  symbolizes  domain  related
application concepts. It was identified that such connection is useful for setting
appropriate  knowledge  management  algorithms  for  actor  context  and
resource updating.

Task ⊆ domain.Task({domain}) ∩ Context 

Event class  represents  events  in  the  system.  Event individual  {event}  is
{action} taken by {actor} on particular {resource} in the situation described by
{context}.  Properties  of  Event class  are  context.Event,  resource.Event,
action.Event, actor.Event.

Event  ⊆   
action.Event({action}) ∩ 
resource.Event({resource}) ∩  
actor.Event({actor}) ∩ 
context.Event({context})

{event} ∈ Event

Special type of Actor is Agent. Agent is used for Software agent
representation in the system. 

Agent ⊆ Actor

{agent} ∈ Agent

Typical actions which can be performed by software agents are defined. They
represents types of inter-agent communication such as ACL QUERY-REF
and ACL INFORM message. When communication between agents is
performed events of such kind are generated.

{aQuery, aInform} ∈ Action

When actions such as creating, updating or deleting of resources are
performed in the system,events containing of those kinds of action are stored
and evaluated in the system.

{aUpdate, aDelete, aCreate} ∈ Action

Actor class  consists  of  important  properties:  context.Actor,  resource.Actor.
The  context.Actor  represents  actor  current  context.  System  or  application
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environment  can  be  found  based  on  stored  events.  Events  model
environment  state.  Current  state  of  the  environment  or  actor  related
environment/context  is  thus  effected  by  relevant  new  events.  The
resource.Actor  property  stands  for  all  current  resources of  the  actor.  This
resources are results of actors intentions or objectives. Such resources are
thus dependable on current actors environment state/context (context.Actor).
Functions/algorithms for context and resource updating were specified above.

Actor ⊆    
resource.Actor({resource}) ∩  
context.Actor({actor}) ∩ 
Resource

contextActor({actor}) = 
fC(∀{event}; actor.Event({actor}) ∈ {event})

resource.Actor({resource}) = 
fR(contextActor({actor}))

This is there the brain of the system is located. An advantage of such model is
that it enables achieve better results when such algorithms are changed in the
future,  using the  same model  and data.  Due to  storing all  events  we can
model the environment in any moment from past and process it later  from
any staring point with improved algorithms for context and resource updating.

    4.1.2  Knowledge Exchange and Sharing in Defined Architecture

Distributed  versus  centralized  solutions.  Under  the  term  distributed  we
understand all MAS. Centralized solutions are nowadays mostly used when
building the KM system. We think none of these is the best solutions and each
application requires a different approach. In the thesis we describe how to use
both centralized and distributed and we leave balance between those two on
the developer of KM system. Under central points we understand something
like libraries, Internet portals or schools in human world  - publicly accessible
knowledge.

Designing  the  knowledge  management  system  we  think  hybrid  approach
should be adopted. Agents with its own model were described above. In the
KM  system  have  to  be   central  points  where  agents  can  access  basic
knowledge or ontologies or share knowledge centrally. This is well known as
“blackboard approach”  [WOOL02] – all  agents have one place where they
post the knowledge and everybody can read it.  On a similar basis we can
create one large environment memory with agent interface – it can be based
on the same model as described above but knowledge can be shared among
agents.  This  is  of  a  great  use  particularly  if  we talking  about  cooperative
agents. In such case  we can use organizational memories[KUNTZ02], where
agents can access information e.g using RDQL queries. One of  the basic
blackboard  approaches  is  common  ontology  sharing  that  is  useful  for

Ontology in MAS – Architecture, Methodology, Libraries  51



competitive agents because they need to have same understanding of terms
and resources. They need to communicate using same ontology. Standards
for the so called ontology agents were defined by FIPA ontology specification
[FIPAONT00].

As mentioned above focus of thesis is given on FIPA based agents.  FIPA
standardized and formally described all possibilities of agent communication,
while  Important  are  two  main  types  of  agent  or  (more  general)  actors
messages.  In  the  first  type  one  Actor  is  requesting another  actor  to  do
something or for something. In the other type an actor is informing the other
actor about something.

On request – requested actor usually queries/searches and optionally updates
its knowledge/memory model. 

When Informed – actor usually updates its knowledge/memory model.

In all cases events are generated based on  performed communication, and
on  received  event  actor's  model  –  resources  and  context  is  updated  by
running function described above. In addition received request can/should be
followed by inform message to the requesting actor.

  4.2  Defined Modeling Methodology

Developed methodology integrates several parts of different methodologies. It
follows CommonKADS methodology. However CommonKADS is not tied with
any modeling tool, knowledge representation or ontologies.  CommonKADS is
divided into two main parts:

• knowledge model  based on other three models:

• organizational or environmental model

• agent model 

• task model

• and design of system. In our case design is based on MAS.

We present  knowledge  based  on  OWL  ontology  and  we  model  it  in  the
Protégé ontology editor. Thus defined methodology for knowledge model is
similar  to  [PROTKADS].  Ontology  modeled  with  Protégé  reflects
CommonKADS models and it has several commonalities with JADE ontology
model.

Design of system is based on UML, AUML and MAScommonKADS.

When using this methodology, good results can be archived only after several
iteration  of  the  process  and  remodeling  after  first  developing,  use  and
evaluation of the first system version. Iteration method is common and used in
all knowledge management methodologies.

Ontology in MAS – Architecture, Methodology, Libraries  52



    4.2.1  Specification of Method for creating ontology and agents
model

When  modeling  knowledge  model  for  an  application  we  follow  first  three
CommonKADS models:

• Organizational or in our case Environment Model

• Task Model 

• Agent or Actor Model

When modeling the knowledge model we have to extend the generic agent
model (Figure 4.1) with new elements and relations. This model is the same
model as described using sets or description logic in the previous chapter. For
better  understanding  of  models  we  will  use  such  graph  representation  of
models within the thesis.  

Environment  Model  models  the  environment  of  application  and  the
environment  of  actors.  Thus  modeling  a  resource  element  needs  to  be
extended with new types of resources  such as documents, contacts, goods
or services. Domain element needs to be extended with all application/domain
specific  elements  (possibly  including  resources),  which  models  problem
domain and actors can use them to make decisions or accomplish a task. The
resources considered as results of actor goals have to be modeled as well.
Usually  results  of  actors  goals  can  be  considered  as  resources  e.g.  in
searching  agents  (found  documents)  or  selling  agents  (sold  goods).
Properties of defined entities and their relationships need to establish as  an
important part of the model.

Actor Model  models actors performing tasks and actions. The actor can be a
human, a software agent or another entity performing actions and which can
be monitored by the system. An important part of the actor model is actor's
context which defines current actor's environment and actor's resources which
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are the results of  accomplished goals.  Thus a part of the Actor model are
definitions of 2 algorithms for actor context and resources updating defined in
actor/agent model.

CA
new = fC(ea,CA

old)

RA
new = fR(CA

new,RA
old)

Task  Model  models  tasks,  processes  and  actions  relevant  to  actors.  An
important  property  of  task  is  Domain.  Tasks  are  often  related  to  some
resources  or  other  domain  entities   and  we  need  this  relation  to  define
functions for updating the actor context and resources mentioned above. 

After defining elements, properties and their relations – defining of ontology of
mentioned  models  should  be  iteratively  refined  to  include  all  needed
elements. Refining the model requires consideration whether combination of
actions, resources and actors can be captured as events and whether  all
possible events can be created from defined ontology elements. Results of
models is knowledge model which consists of 

• Ontology developed in Protégé which can be exported in OWL format.

• Algorithms for  each  actor  (often  algorithms  are  similar  or  same)  which
updates actors' context CA

new and resources RA
new.

    4.2.2  Design of Agent based system with presented model

Design methodology of system is based on three UML diagram types in a
similar way as known in object oriented programming.

• Use Case Diagram

• Sequence Diagram

• Class Diagram

Use  Case  Diagram:  When  creating  Use  Case  Diagrams  for  MAS,  we
identified that it is important to create a diagram for each agent type, where
the agent is taken as system boundaries of the use case. This way Designer
and also Developers have a better view on what is expected from the system.
The number of agents should be clear from overall knowledge model of the
system especially from Actor model.

Sequence Diagram: Similar as in OOP. It represents communication among
agents  and  also  interaction  with  external  systems  (GUI,  sensors  or  other
interfaces). Interactions between agents explain type of ACL message (e.g.
Inform(), Query-ref()). An additional table describing each message type can
be attached to a diagram. (See chapter 6)

Class Diagram: represents design of each agent type. The main difference is
that all agent behaviors need to be described. 
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  4.3  Design and Specification of Agent Software Library

Description  of  developed  software  libraries  to  be  used  for  knowledge
management in MAS. 

Developed library is based on the JADE agent system and the Jena library. It
covers  functionalities  which  we  identified  as  missing  in  current  agent
architectures such as JADE.

Missing components:

• Agent Knowledge Model based on RDF/OWL

• Action  resource  as  basics  for  communication  and  included  in  OWL
ontology

• Sending ACL based RDF/OWL messages

• Receiving  ACL based RDF/OWL messages

• Including received information into a model

• XMLRPC receiving messages

• XMLRPC returning RDF and XML

• Inference Engine 

• RDQL messages handling

Library consists  of the following classes: Ontology, Memory and Message.

The class Ontology (Figure 4.2) has basic constants related to OWL ontology
and the used ontology.
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The  class  Memory  (Figure  4.2)  has  a  functionality  to  load,  store  and
manipulate the agent memory based on an RDF or an OWL model. The Jena
library  is  used  to  this  manipulation.  The  memory  can  load  an  OWL  file
developed  in  Protégé  which  becomes  an  ontology  model  of  the  agent
memory. The memory can be stored in a database back-end such as MySQL,
other RDBS supported by Jena or into the OWL file. When using a database
model, an agent can migrate among nodes and not to carry its memory with
itself. It just needs to disconnect from memory and connect after execution
starts on a different node if a use of mobile agents is required. 

The class  Message (Figure  4.2)  contains  static  methods for  creating ACL
messages or transforming models to the RDF or XML strings. Some of those
methods can be used for XML-RPC communication when wrapped with the
XML-RPC server.

Figure  4.3 shows an agent library functionality diagram of using this library.
The JADE based agent can be developed using this library to support Jena
OWL model as the Agent memory and furthermore it is possible to include
XML-RPC based functionalities for presenting knowledge or receiving events
from external systems as RDF messages based on a used ontology. It also
allows communication between agents based on RDF/OWL.

The developed library is published on JADE website as the 3
rd
 party software

[LAC05A] as a way to put together Jena RDF/OWL and JADE Multi-agent
system features.
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  4.4  Agent Architecture Demo based on Agent Software
Library

This demo shows usage of the developed agent library. We have created a
simple ontology in Protégé. In the Demo we have developed two agents:

• AskAgent

• AnswerAgent

Both agents use the same ontology but with different individuals. In Figure 4.4
you can see the AskAgent ontology with only one individual “AskAgent” . We
can see that AskAgent knows different resource types such as Books , CDs or
Computers but its memory does not contain any individual of that kind.

The AnswerAgent memory with different resource individuals can be seen in
Figure 4.5 for example model contains 3 computer individuals.
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A user selects the  type of resource for which AskAgent should search. The
user selects a computer in the AskAgent GUI (Figure 4.6) and presses the
search button. The type of resource is passed to an agent by the XML-RPC
method  call.  One  of  AskAgent  behaviors  is  activated  and  the  AskAgent
produces  the  RDQL query  and  passes  the  ACL QUERY message  to  the
AnswerAgent.

(QUERY-REF
 :sender  ( agent-identifier 
            :name AskAgent@localhost:1099/JADE  
            :addresses (sequence http://localhost:7778/acc ))
 :receiver  (set ( agent-identifier :name AnswerAgent@localhost:1099/JADE ) )
 :content  "
    SELECT ?x WHERE (?x rdf:type ont:Computer) 
    USING 
      ont FOR <http://agents.ui.sav.sk#> 
      rdf FOR <http://www.w3.org/1999/02/22-rdf-syntax-ns#> 
      rdfs FOR <http://www.w3.org/2000/01/rdf-schema#>" 
 :language  RDQL  
 :ontology  http://agents.ui.sav.sk 
)

The AskAgent asks the AnswerAgent to return it all commuters it has in the
memory. The AnswerAgent receives an ACL QUERY message and performs
an RDQL query on its memory. The result is passed as several ACL INFORM
messages consisting of the RDF description of requested resource.

(INFORM
   :sender  ( agent-identifier 
      :name AnswerAgent@localhost:1099/JADE  
      :addresses (sequence http://localhost:7778/acc ))
 :receiver  (set ( agent-identifier :name AskAgent@localhost:1099/JADE ) )
 :content  "
   <rdf:RDF
    xmlns:rss="http://purl.org/rss/1.0/"
    xmlns:jms="http://jena.hpl.hp.com/2003/08/jms#"
    xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
    xmlns:j.0="http://agents.ui.sav.sk#"
    xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#"
    xmlns:owl="http://www.w3.org/2002/07/owl#"
    xmlns:vcard="http://www.w3.org/2001/vcard-rdf/3.0#"
    xmlns:daml="http://www.daml.org/2001/03/daml+oil#"
    xmlns:dc="http://purl.org/dc/elements/1.1/">
  <owl:Class rdf:about="http://agents.ui.sav.sk#Computer">
    <rdfs:subClassOf rdf:resource="http://agents.ui.sav.sk#Resource"/>
  </owl:Class>
  <j.0:Computer rdf:about="http://agents.ui.sav.sk#com2">
    <j.0:title>HP Armanda</j.0:title>
  </j.0:Computer>
  </rdf:RDF>" 
 :language  http://www.w3.org/1999/02/22-rdf-syntax-ns#  
 :ontology  http://agents.ui.sav.sk 
)

AnswerAgent  creates  Events  in  its  memory  that  resources  where  sent  to
AskAgent.  This  way  AnswerAgent  keeps  information  about  environment.
When the AskAgent receives an ACL INFORM message, it stores its context
into  its  memory  model.  Events  about  receiving  resources  are  created  in
AskAgent  memory.  It  also  adds  references  to  returned  resources  to  the
AskAgent  individual  resource  property.  When  a  user  clicks  on  “getXML”
button (Figure 4.6 Top left: JADE window, bottom left: JADE Sniffer Agent,

Ontology in MAS – Architecture, Methodology, Libraries  58



Top right: AskAgent GUI, Bottom right: ACL Inform Message) in the AskAgent
GUI, the AskAgent individual from the  AskAgent memory is returned in the
XML  format.  In  this  XML  you  can  see  resources,  which  are  now  in  the
AskAgent memory.

Such XML can be then passed and showed in a different format in GUI. It
would be better to develop GUI based on JSP and XSLT, where it is possible
to transform returned XML to HTML  but this is easier for users to run and see
the results. We have created such frame based GUI for this demo purposes to
have easier demo installation and testing. XSL approach was also used and it
is described in Chapter 5 and 6.

 

The demo together with library is published on JADE website as 3
rd
 party

software[LAC05A] as a way to put together Jena and JADE features. 

Ontology in MAS – Architecture, Methodology, Libraries  59

Figure 4.6: Screenshot of running demo



    4.4.1  Usage of Defined Methodology for developing Agent Demo

Chapter  describes  how  defined  methodology  was  used  in  Agent  Demo
modeling and design.

4.4.1.1 Definition and design of Knowledge Model for Agent Demo

In this chapter knowledge model as well as agents memory models with short
description are listed to show concrete example on used methodology.

The  Knowledge  Model  on  Figure  4.7 extends  generic  knowledge  model.
Model  is  extended only  by  resources such as  books or  CDs and Actions
(Figure 4.8) e.g. sell, buy.

Knowledge model of AskAgent is on  Figure 4.9. It  contains only one extra
Individual representing itself. When communication starts, model is updated
and filled up with events reporting history of taken actions (communication) as
well as AskAgent context and resources are updated according to formulas.
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Figure 4.7: Simple Knowledge Model used by both
Agents

Figure 4.8: Actions Defined in Knowledge Model



The knowledge model of AnswerAgent is shown on  Figure 4.10. It contains
individuals representing itself and other resources like books or CDs. When
communication starts, the model is updated and filled up with events reporting
history of taken actions (communication).

The part of the Actor Model is another representation of  the function or the
algorithm for CA

new and Ra
new, which is updated based on received events.
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Figure 4.9: Knowledge Model of AskAgent

Figure 4.10: Knowledge Model of AnswerAgent



CA
new = fC(ea,CA

old)

RA
new = fR(CA

new,RA
old)

We describe here just algorithms for AskAgent. AnswerAgents only answer  a
requested RDQL query but in a real solution where the answer agent would
sell goods to AskAgent we would need to define such algorithms for both
agents. Algorithms are written in a pseudo programming language in order to
make it more comprehensible for a reader. In reality it is written in java and it
can be found at [LAC05A]. We do not include performance or complexity
measures. Described algorithms are given as a simple demonstration
example only.

For the AskAgent context the CA
new algorithm move all resources which are

received in events to the new context. The context is emptied when a new
request event is generated.

Procedure updateContext(Event e) // e - new event in the system related to actor

begin
  //In case of AskAgent it is only Query to AnswerAgent or receiving of data

  actor = e.actor; //event contains also actor which is AskAgent in this case

  if e.action = Inform then 

  begin
    //when action is Inform action (message received from AnswerAgent) 
    //resources (books or CDs) are added to context

    while c = foreach(e.resource) do 

      actor.context += c;

  end

  if e.action = Query then 

  begin 
    //AskAgent asked for new info from AnswerAgent so need to remove its context 

    remove(actor.context);

  end

end

For AskAgent resources the Ra
new algorithm always deletes all the resources

and copies the whole context to the AskAgent resources.

Procedure updateResources(Actor actor) //actor is AskAgent in this case

begin

  remove(actor.resource); //old resources are always deleted
  //It moves all res. assigned in the context of AskAgent into AskAgent resources

  while r = foreach(actor.context) do 

  begin 

    actor.resource += r;

  end

end

4.4.1.2 Definition & Design of Agent Demo Software 

In this chapter several UML diagrams with a short  description are listed to
show a concrete example on the defined methodology. Figure 4.11 shows an
AskAgent Use Case. System boundaries for this use case is AskAgent. On
Figure 4.12 can be seen another Use Case from a view of the AnswerAgent
where the AnswerAgent is set as system boundaries.
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Having several  use cases for each Agent Type, a designer can express a
better use and functionality of the system. 

Sequence diagrams show interaction among agents and external  systems.
Interaction between agents represents ACL messages by types e.g. Inform or
Query-ref.
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Figure 4.13: Agent Demo Sequence Diagram

Figure 4.11: AskAgent Use Case Diagram

Figure 4.12: AnswerAgent Use Case Diagram



5  Experience Management – Generic
Ontology, Knowledge Presentation

This chapter covers the following objectives of the dissertation:

• Design of a Generic Ontology model for the experience management with
extension for different application domains.

• Design and Development of a user friendly knowledge presentation.

  5.1  Model for Experience Management and Reasoning on
this model

Building  an  Experience  Management  (EM)  solution,  it  is   necessary  to
capture, store, capitalize and reuse experience. For each of defined phrases
several entities are selected and  will be defined in the EM model.

• Capture: it is necessary to capture information about what Agents (people,
computer  systems,  an  organization  –  any  entity  preforming  actions  or
tasks) are doing. Thus we need to capture Events

• Store: It is important to store information: captured events as well as meta
data about all entities affected or affecting this events.

• Capitalize: To have appropriate intelligence in the system it is necessary to
find patterns in the captured events, to explore or better define  knowledge.
Capitalization often means not exploring new knowledge but exploring new
patterns,  which can be then transformed by  a knowledge engineer  into
experience or knowledge

• Reuse: To reuse experience or knowledge  experience must be defined
first. It is impossible to define experience as it is something as a point in
geometry,  which is undefined and can remain undefined.  However,  it  is
useful to have a partial understanding of experience, which is suitable for
most of related application domains. Thus we use Active Hint (AH), which
can be taken as conveyor of experience in a developed model.
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Such a model in a different variety is mentioned in the EM literature and  was
used in the Pellucid project[PELLTA] 

To describe the phrases mentioned above we use the agent memory model
specified in chapter 4.

• Capture  Phrase can  be  modeled  by  events.  Events  are  composed  of
actions,  resources,  actors and a context.  By modeling these entities an
important part of the environment or an organizational model is created.
CommonKADS methodology is followed and a Protégé ontology editor is
used for modeling to model following standards models: an organizational
model  (mainly  resources),  the agent  model  (Actors)  and  a  task Model
(tasks, e.g. workflow tasks, problems to solve)

• Store can be performed using the library from chapter 4 with connection to
the Jena storage back end. Main stored data are event instances captured
in the previous phrase. A special kind of events are “create” events, when a
new resource  instance is  introduced  into  the  model.  Depending  on the
previous modeling activities (knowledge models and use cases) we can
create  individual  agents  and  a  central  memory  and  thus  distribute
knowledge in a desired way.

• Capitalize phrase  is  not included in the agent model.  This phrase is an
important  part  of  Experience Management  but  it  is  out  of  scope of  the
thesis. However, this part was covered in the Pellucid project. As a part of
capitalization  our  similarity  model  used  for  Active  Hints  can  also  be
considered.  

• Reuse phrase is based on the following formulas:
CA

new = fC(ea,CA
old)

RA
new = fR(CA

new,RA
old)

If an actor (agent, person) requires experience, experience must be
returned in certain context, thus actor's current context needs to be
updated to know the actor's current environment and actor's resources
need to be updated too. In the experience management we define a special
type of resources called an active hint (will be explained later), which can
be considered as a conveyor of experience. The active hint idea comes
from the DECOR project[DECOR] and it was extended and used in the
Pellucid project[PELL02].

    5.1.1  Ontology Model for Experience Management built on Agent
Memory Model

In  the  context  of  the  Experience  Management,  ontology  is  the  main
mechanism employed for the representation of information and knowledge,
defining the meaning of the terms used in the agent content language and the
relation among these terms. Described Ontology Model was built on the top of
the  presented  Agent  Memory  Model  using  the  developed  modeling
methodology. 
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The  Ontology  Web  Language  OWL[OWLWEB] is  used  to  model  domain
specific knowledge and general knowledge for the model. The application of
the  OWL  format  for  ontology  for  the  agent  system  is  relatively  new.  An
advantage of the OWL ontology is availability of tools with generic support
that can reason about it.  Constructing ontology in OWL enables to benefit
from third party tools based on the formal properties of the OWL language.
The Jena2 inference subsystem is designed to allow a range of inference
engines  be  plugged  into  Jena[JENAWEB].  The  OWL  ontology  allows
straightforward integration with external systems, since knowledge described
in ontology can be reasonably converted to RDF or plain XML.

In the model, the generic ontology is designed to provide a unitary framework
for building domain ontology for a possible application to work with the model.
For  each  application,  the  domain  ontology  should  be  built  based  on  the
generic ontology with the goal to:

• define basic terms for application

• define concepts and dependencies

• define  slots (properties).

The basic concepts of the generic and domain ontology that are common for
any application are:

• Action:  define  what  an  user  has  to  do  with  a  resource.  There  are  no
subclasses, actions are defined as Instances 

• Active Hint: a special class, which defines an action, a resource and an
explanation in a particular context  and it  is  presented as  a fragment of
experience.

• Domain: This concept is necessary for extension specified later as domain
specific ontology

• Event consists of four parts: an actor, an action, a resource, a context. The
structure is similar to the active hint. The event is important for tracking
what is happening in the past and can be used for discovering patterns
later presented as a hint. 

• Resource: any resource

• Activity:  means  a  workflow  activity  or  any  activity  performed  by  a  user
where an action can be captured as events. it can be as well understand as
task.

Terms and concepts that are specific for each application are modeled in the
domain  ontology.  The  domain  ontology  contains  all  terms  used  within
organizations, either internal or external. It is composed from domain specific
terms and represents all terms characterizing a workflow process, a structure
of an organization, external events or contacts.

The detailed implementation of the generic ontology used in the model can be
summarized as follows.
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Knowledge management in any organization involves different resources. A
resource structure defined by ontology can be workflow related resources,
documents,  actors,  contacts  (BusinessEntity)  or  human  resources  (Figure
5.1). Resources are connected moreover with other ontology elements e.g. an
organization or an active hint which is representation of experience. The task
represents a task performed by an actor in an organization. In the model,
tasks are focused mainly on workflow tasks (WfActivity) because a workflow in
an organization can be monitored.

Tasks reported from the Workflow, or any other external system like an email
server, have various status, defined by the  action. Types of Actions (Action
Instances) are described in  Figure 5.2 and  Figure 5.3. Action is a captured
one-shot   work  like  read  something,  start,  finish  or  open.  Actions  start,
activate,  finished  suspend  are  used  for  notice  of  workflow  events  (e.g.
WfActivities). Actions are performed by an actor (i. e. an employee, an agent,
a computer system, etc.)

Figure 5.2: Generic Action Types
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Figure 5.1: Generic ontology - Resources



In the model, an event is defined as something captured by a computerized
system  e.g.  a  document  used, a  person  contacted,  a  workflow  activity
performed or an email received. 

An  event  (Figure  5.4)  is  modeled  by  an  actor performing  an  action  on
particular resource in a particular time/context (a task, time or  other related
resources). 

Based on events we can discover new facts which lead to ActiveHint template
creation.

The important part of the model ontology model is the ActiveHint. Active Hints
were created as the central concept of ontology for representation experience
in our model. The hint is simply a formalization of experience which says what
action to do with a resource in a given working context. The active Hint is
therefore composed according to the following formula:

[HINT]= [ACTION] x [RESOURCE] in [WORK_CONTEXT] + [EXPLANATION]

Relevant  hints  are  computed  for  a  current  work  context  of  an  actor.  The
current  actor  context  is  matched against  contexts  of  hints  definitions.  The
hints as well as the history of all events are stored in the model.  Resources
that complement the hint must be computed by an agent once a hint is found.
Hints with appropriate resources are then assigned to actor.resource property,
and sent to a user/actor's model.

Besides being saved in the model an event sets the context of the user which
has performed the events just  being captured. The event is  also used for
determining  the  working  context  of  an  actor.  For  example  when  a  user
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receives an email  the Event  mailRecieved is  generated. The system is
thus  notified  about  the  current  action  of  the  actor  and  based  on  further
processing can determine the most suitable hint for the actor. The active hint
does not deliver only a “raw” suggestion. Also a set of resource is attached to
each hint. There are three developed ways how the resources are attached to
a hint:

• The first type of a hint contains a concrete resource. For example, a hint
“Use this template” can always have attached the same template document
as the resource;

• On the  contrary,  for  the  second  type  of  a  hint  the  resources  must  be
computed for each incidence depending on the current actor's context. In
this case such resources are defined as RDQL queries. 

• The last type of the active hint is composed based on a similarity matching
process. We can use these hints in situations with a hint not containing
exactly the same context resources as the actor context.

In the model, the interaction with the external system is done by receiving
events  via  a  commercial  technology  such as  SOAP or  XML-RPC in  XML
format. All events reported can be e.g.: User Login, Activity Started, Finished,
Activated (Current),  Suspended or  Instance Created.  Instead of  creating a
handle for each type of an event, the interface for sending the XML event
messages is built. It is handled directly by the Jena engine and thus agents
can manipulate it. 

Figure  5.6 shows elements  of  a  model  and  interconnections  between all
important  ontology  elements  such  as  resources,  employees,  active  hints,
events or context. This model is built on the top of the Agent Memory model
and it was proved to be useful for experience management solutions.

It is important to model domain elements for each application. The model can
provide  a  user  with  useful  hints  only  if  domain  (application)  specific
data/information/knowledge will be available. More information on the domain
ontology can be found in chapter 6.
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All specific information related to an application is modeled via the domain
ontology. All application specific information is organized in common classes:
Domain,  Resource and  activity.  Subclasses  of  these  classes  have  to  be
organized in a similar way. The Class  Resource has the following common
subclasses: BusssinessEntity, Document, WfResource. The other subclasses
are domain specific. They inherit properties from super-class and can have
new properties defined in cooperation with application experts.

In this way, all domain specific information is captured within one OWL file for
each application. Agents do not need to be modified to read these files. The
system returns and produces appropriate suggestions to the employee when
application/domain  ontology  is  presented.  However  changing  of  domain
ontology for different application does not require a change in the core of the
generic model or reasoning above it. The generic ontology model defines how
the  domain  part  of  ontology  should  be  connected  to  the  rest  of  ontology
model,  thus  algorithms  defined  in  agents  can  work  in  the  same  way  on
different applications.
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5.1.1.1 Formal Specification of Model Extension for Experience
Management 

This  chapter  discuses formal  specification  of  the  Experience Management
extension  using the description logic. The specified model is the one shown
in  Figure  5.6 represented  by  a  graph  describing  only  ontology  elements,
which extend agent memory model.

A new top element Organization was added representing the environment for
the  experience  management  and  has  properties  resource.Organization
organizational resources,  task.Organization standing for organizational tasks
and actor.Organization symbolizing organizational actors. 

Organization  ⊆   
resource.Organization({resource}) ∩ 
task.Organization({task}) ∩  
actor.Organization ({actor})

New subclasses of the  Actor  are modeled. The  BusinessEntity  represents
organization(s) or contacts. The  Person stands for any human contact. The
Employee  denotes an employee in an organization, which is a user of  the
system and the main actor.

BusinessEntity ⊆ Actor

Person ⊆ BusinessEntity

Employee ⊆ Person

New subclasses of resources representing workflow in an organization were
introduced because such a model was proved to work well in organizations
with  workflow administration processes. WfInstance represents a Workflow
Process Instance, can be understood as a problem solved in an organization
and it is related to the Domain with its domain WfInstance property. The
WfActivity is a task within the business process.

WfResource ⊆ Resource

WfInstance ⊆ WfResource

WfActivity ⊆ WfResource

WfActivity ⊆ Task

WfInstance ⊆ 
domain.WfInstance({domain}) ∩ 
WfResource 

The main concept introduced in the model is the ActiveHint. It represents a
experience pattern in the model and its structure is similar to the Event. It
consists of properties action.ActiveHint, which is suggested to be taken with
resources resource.ActiveHint in a context/situation context.ActiveHint, which
is explained by explanation.ActiveHint text. The context of the active hint is
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defined also by additional properties resourceQuery.ActiveHint, which
contains RDQL queries matching the context and similarityModule.ActiveHint,
which is used for similarity based active hints explained in next chapter.

ActiveHint ⊆ Resource

ActiveHint  ⊆   
action.ActiveHint({action}) ∩ 
resource.ActiveHint ({resource}) ∩  
explanation.ActiveHint(String) ∩ 
context.ActiveHint({context}) ∩
resourceQuery.ActiveHint(String) ∩ 
similarityModule(String) ∩
Resource

The ActiveHint is a subclass of Resource and active hint instances are
returned as actor's resources which is a result of the actor resource update
algorithm.

    5.1.2  Case-based matching hints for actor's context

In  this  chapter  we  specify  the  developed  algorithm  for  the  context  and
resource updating in the experience management. The algorithms are written
in a pseudo programing language. The real implementation was developed in
Java. Algorithms are based on the following formulas from chapter 4:

CA
new = fC(ea,CA

old)
RA

new = fR(CA
new,RA

old)

For context CA
new updating a simple algorithm was developed. This algorithm

simply deletes the old actor context when a new actor related event is
received and replaces it with the received event context. 

Procedure updateContext(Event e) // e - new event in the system relevant to actor

begin

  actor = e.actor; //event is related to some employee

  if e.action = Create or e.context is empty then 

  begin
    //when a resource is added (like note or document) or context of event is empty 
    //we can add context of employee to the event

    while c = foreach(actor.context) do 

      e.context += c;

  end

  else 

  begin 
    // if user performed some action or action related to user happened 
    //we need to update actor context based on received event context

    remove(actor.context);

    while c = foreach(e.context) do 

      actor.context += c;

  end

end
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For the actor resources RA
new  the algorithm updating a special type of

resources representing experience (Active Hints) was defined. Algorithm
diagram is shown in Figure 5.7.
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Figure 5.7: Diagram of Actor Resources, concretely Active Hints, Updating algorithm
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For better understanding of the algorithm we will discuss methods presented
in the algorithm such as  similarity methods or 3 types of context matching.
The text description of the algorithm can be found under after pseudo code of
algorithm. 

Procedure updateResources(Actor actor)

begin
  // unlink any static AHs of actor

  unlinkActorAH(actor);
  // remove obsolete AHs created for actor

  removeActorAH(actor, "ahTempl_");

  while ahS = foreach(ActiveHint Template from OM) do 

  begin

    if not checkProfile(ahS.pofile, actor.profile) //check prof. if AH is suitable

      continue; // goes to next AH template

  

    // checking statically defined AH context like WfActivity or other

    matchAll = true;

    while c = foreach(ahS.context) and matchAll do 

    begin

      if actor.context has not c 

        matchAll = false;

    end  

    if not matchAll then 

      continue; // goes to next AH template

    ahNew = copyNeededProperties(ahS);   

    //handeling context defined by resourceQuery property 

    if ahS.resourceQuery then    

    begin
      //following command perform several RDQL Queries and it is described separately
      //it replace ontology classes in brackets by individuals of that class 
      //which are in property actor.context

      finalQuery = replaceQueryVariables(rQuery, actor); 

      if ahS.isSimilarityHint then 

      begin

        //if sim. query RDQL returns ?x which is resource to be assigned to hint
        // and ?sim which is to be compared with individual from actor.context

        resourceQuery = "SELECT ?x,?sim1,?sim2 WHERE "+ finalQuery

          + Ontology.RDQL_USING;

        // loads similarity module which compares ?sim1 and ?sim2

        simModule = load(ahS.similarityModule);

        //threshold (0 to 1) to decide if ?sim1 is similar enough with ?sim2

        threshold = ahS.threshold;

      end else begin
        //if this is not sim.  AH but only RDQL based AH, we query for resources ?x

        resourceQuery = "SELECT ?x WHERE "+ finalQuery+ Ontology.RDQL_USING;

      end 

      results = exec(resourceQuery);

      while (results.hasNext())

      begin

        x = results.next.get(“x”);

        if (ahS.isSimilarityHint) then

        begin

          sim1 = results.next.get(“sim1”);

          sim2 = results.next.get(“sim2”);

          //If similarity between ?sim1 and ?sim2 
          //is at least threshold resource ?x is added to the active hint
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          if simModule.similarityMatch(sim1,sim2)>= threshold then 

            addProperty(ahNew.resource, x);

        end

        else

        begin

          //in case of simple RDQL query res ?x is directly added to new active hint

          addProperty(ahNew.resource, x);

        end

        //when resources of active hint are computed against 
        // similarity and context matching, new AH is added to actor after loop

      end

    end
    //new AH is added to actor

    addProperty(actor.AH, newAH);

  end

end

As already mentioned, there are three basic ways how the resources are
attached to a hint:

• Case 1: Some active hints always contain the same resource. For example,
the hint “Use this template because it is mandatory” contains always the
same template document as the resource 

• Case 2: By contrast, resources have to be computed for active hints. For
example, the active hint that is bound to other resources, which needs to
be computed against the current actor context. In this case such resources
are not defined by assigning a concrete resource to a hint but it is defined
as a RDQL query, as illustrated below:

SELECT ?x 
WHERE 
  (?x, <ont:district>, ?dist), 
  (<ont:[WfInstance]>,<ont:domain>,?dist)
USING 
  ont FOR <http://pellucid.ui.sav.sk/ontology#> 
  rdf FOR <http://www.w3.org/1999/02/22-rdf-syntax-ns#>

• Case  3:  And  the  last  type of  the  active  hint  is  composed by  similarity
matching process.  For  example,  the active hint  which does not  contain
exactly the same context resources as the user context.  Anyway, some
active hints can be used according to the evaluation of similarity of  the
actor context.

SELECT ?x ?sim1, ?sim2
WHERE 
  (?event <ont:context> <ont:[WfActivity]>) 
  (?event <ont:action> <ont:aAdd>)
  (?event <ont:resource> ?x)
  (?x <rdf:type> <ont:Note>) 
  (?event <ont:context> ?sim2)
  (?sim2 <rdf:type> <ont:WfInstance>)
  (?sim1 <rdf:type> <ont:WfInstance>) 
  AND (?sim1 eq <ont:[WfInstance]>)
USING 
  ont FOR <http://pellucid.ui.sav.sk/ontology#> 
  rdf FOR <http://www.w3.org/1999/02/22-rdf-syntax-ns#>

Let us take a close-up look to the process of similarity match in the above
example. First of all, the individuals  of WfActivity and WfInstance class are
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found in the actor context. Then, it replaces them by URI of individuals from
the actor context and finally computes the query. This way a  query which is
actor  context  depended  can be made.  The  query  returns  resources for  3
query  variables.  The  “?sim1”   variable  contains  resource  for  similarity
matching with “?sim2” and the “?x”  variable contains required resource that
will be assigned to an active hint if similarity match between ?sim1 and ?sim2
is successful.  Before the matching process could be initiated the particular
Matcher  class  must  be  loaded  according  to  the  attribute
activeHint.similarityModule.  Then  the  Matcher  class  compares  this  two
resources and computes the weighted average. The weights are passed to
the Matcher module by a Filter class that allows to define the weights for a
particular resource in the ontology. If the Filter class is not defined (parameter
contains null)  then each resource is considered with weight of  value “1.0”.
Consequently, if the resulting average is greater than the activeHint.threshold
value,  the processed Active Hint  is  declared as substantial  for  the  actor,
because it is in the similar situation for given context.

5.1.2.1 Complexity of Resource Updating Algorithm

In this chapter we discuss performance and complexity of resources/active
hints updating algorithm for experience management. Described performance
and complexity measures were done as a part  of  the Pellucid project and
were published in [GAT05A][PELLDX1].

From  the  pseudo-code  and  the  diagram  in  Figure  5.7,  three  cases  for
searching AH matching for given actor's working context were identified:

• Case 1: a 100% matched context with existing AH Templates
• Case 2: a required RDQL query evaluation for available resources (in

the given actor’s working context)
• Case 3: a required RDQL query evaluation for available resources (in

the  given  actor’s  working  context)  and  similarity  resources  (i.e.
similarity and context matching)

The performance of the algorithm depends on:
− the number of Active Hint Templates: the number of Active Hint Templates

is  limited.  It  can  be  enlarged  by  the  time  but  only  with  the  expert
assistance.

− The number of Active Hints in a given actor’s context
− Parse and execution time of  an RDQL query for  context  and similarity

matching and evaluation: The performance of such queries depends on
various parameters e.g.: 

o the structure and the number of stored events in the Memory,
o the number of resources stored in the Memory, 
o relationships between OWL/RDF triples. 
o A requirement of resource similarity matching. 
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Performance  tests  with  results  in  the  following  table  are  done  for  the
component testing purpose on the PC computer Pentium 4, 2GHz, 768MB
DDRAM, Linux Mandrake 10. 

Each  value  in  Table  bellow  is  done  as  average  values  of  tenth  range
measurements. The measurements value expresses the relationship between
number of events or resources (relative measurement of data amount stored
in Memory; the number of events was always associated with the number of
resources which were processed to be attached into AH) and the processing
time of Resource Updating Algorithm.  The table represents cases 1 and 2.

Number of
events/resources

in Memory

Time (ms)

Case 1 Case 2
100 13.3 82.4

1000 12.2 323.9
2000 12.6 531.7
3000 12.8 799.6
4000 12.6 1069.8
5000 13.4 1338.4
6000 12.9 1582.9
7000 12.6 1754.6
8000 12.9 2023.1
9000 13.0 2364.2

10000 13.0 2631.2

The complexity of  the Case 1 (100% matched context with  AH templates)
depends linearly only on the number of AH templates. It does not depend on
the number  of  events/resources in  the  Memory.  When the  number  of  AH
templates is stable, the value is nearly constant (Figure 5.8). 
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Figure 5.8: Figure 5.8 Case 1- 100% matched context
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The complexity of the algorithm in the Case 2 is O(n) where n is the number of
events/resources in the Memory. The dependency rises linearly due to the
structure  of  the  resource  RDQL  query  that  performs  simple  search  for
available  resources in the  Memory.  In  this  case,  the RDQL query  can be
described as a filter that returns required resources. The complexity of such
queries is O(n). See Figure 5.9.

The  Case  3  requires  more  time to  execute  due to  the  complexity  of  the
similarity processing. Similarity of resources requires additional overheads on
searching and comparing properties of resources in the Memory. The test for
the Case 3  is  done for  collection  of  28501 events  i.e.  311576 OWL/RDF
triples. The size of used database is 60MB.  

Tests are done to clarify lower and higher bounds of the resource similarity
case. In this performance measures, the similarity is computed online for all
resources stored in the Memory but can be precomputed when needed. When
a new event is coming, it may contain such resources that cause similarity
evaluation.  For  the lower bound,  occurrences of  such resources are  quite
seldom. For the higher bound, occurrences of such resources are  intensive.
The real situations are somewhere between the lower and the higher bounds
(e.g. an example in Figure 5.13).

Table bellow shows lower bound values for Case 3 – based on the resource
similarity. Performance was measured on 2 types of Agent Memory models.
We used the Jena MEM (Memory) model and the Jena DB model with  RDF
triples stored in the MySQL backend.
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Figure 5.9: Case 2 - Resource query evaluation
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Number of events
in Memory

Time (s)
 for MEM model 

Time (s)
for DB model

100 0.03 0.15
1000 0.07 0.57
5000 0.68 3.36

10000 2.29 18.68
15000 5.05 40.02
20000 8.46 63.28
25000 12.34 95.52
28000 15.82 125.18
28500 16.65 127.59

Another table bellow shows higher bound values for Case 3 – based on the
resource similarity again on the Jena MEM and DB persistent model. 

Number of events
in Memory

Time (s)
 for MEM model 

Time (s)
for DB model

100 0.32 1.93
200 2.40 6.44
300 7.47 16.86
400 24.10 37.37
500 51.81 56.35
600 85.08 106.96
700 143.29 161.29
800 218.51 249.94
900 281.08 342.44

1000 378.18 522.72
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Figure 5.10: Case 3 - Lower bound for MEM model
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The complexity of the algorithm in the Case 3 is relatively O(n2) where n is the
number of events/resources in the Memory.  In this case, the RDQL query can
be described as a more complicated filter that returns required resources. In
addition,  there  is  a  requirement  for  searching  a  resource  similarity  by
evaluation similarity weights of resources according to their thresholds. When
the RDQL query is more complex, the Jena library shows longer time to parse
and  execute  the  query.  More  information  about  the  Jena  library  and  its
performance as well as RDQL performance can be found in [PELLDX1].
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Figure 5.11: Case 3 -  Higher bound for MEM model
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Figure 5.12: Case 3 - DB Model Higher Bound
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From experiments we can conclude that the performance for Case 1 and 2 is
sufficient and response times of the system developed with this algorithm are
under 2 seconds for several thousands events/resources. The complexity of
Case 3 is O(n2)  which can be considered as a sufficient complexity but real
measures show that especially with the Jena DB model response times of
such  algorithms  are  dozens  of  seconds.  We  have  suggested  and
implemented several improvements:

• Similarity measures performed by an algorithm can be moved to run
separately in the background of the  system, e.g. a resource similarity
can be computed in advances for existing resources. Results of such
similarity  are  stored  in  the  Memory  for  further  use.  When  a  new
resource  is  introduced,  the  system pre-computes  only  the  similarity
between the new introduced resource against existing resources. That
can significantly  improve the response time and the performance in
case 3. 

• Memory  caching  is  suitable  to  reason.  That  can  improve  the
performance  by  limitation  of  long-time  DB  accesses.  The  hybrid
approach between the MEM model and the DB model will be suitable
for a large system and performance requirements.

• When the Jena toolkit has long response time for more complicated
and  complex  queries,  the  improvements  are  included  in  query
optimization because a proper order of triples in WHERE clausule of
the RDQL query can speed up the query execution.

The complexity of  the algorithm is  polynomial  and thus we think that  with
improvement  of  Semantic  tools  such  as  Jena  the  performance  for  real
commercial systems in the future can be sufficient.
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Figure 5.13: Example for higher
and lower bounds for Case 3
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5.1.2.2  Developed Similarity Matching Mechanism

The  matter  is  to  specify  what  is  “sufficient  similar”  and  what  is  the  best
algorithm  for  a  similarity  measurement.  Basically,  two  resources  are
“sufficiently  similar”  when  they  describe  the  same  context,  but  this
precondition  is  too restrictive.  It  is  necessary  to  allow users  to  implement
much more complex matching methods. Such flexible can be achieved by
providing the common Java interface and a general matching method that
provides a basic sufficient functionality. The new functionality can be added or
adjusted to the system by implementing the interface or extending the general
method.

The similarity matcher interface is designed to allow a user to implement new
methods  for  similarity  evaluation.  It  provides  two  basic  interfaces  for
measurement  of  a  similarity  degree,  the  first  compares  each  and  every
parameters of resources and the second evaluates only one attribute of the
resources. 

To provide a more flexible similarity  evaluation both interfaces can take a
“filter”  parameter.  This  parameter  delivers  a  “filter”  object  that  describes
information  about  the  resources  categorized  by  its  type.  The  simple
implementation of a “filter” class stores only the couple resource type and its
weight. This is important for the tuning of similarity match process. Moreover
for this implementation it is enabled to set the parameter to null, in this case
the weight of 1.0 is assigned to each resource.

The values of weight are real  numbers limited from 0.0 to 1.0. The “filter”
object provides methods to easily import the couples resource and weight.
They can be obtained from the ontology (see Figure 5.14) or can be specified
for each resource.

The general  method of  the  implemented matching  interface  evaluates  the
similarity degree of two resources. As the evaluated resources need not be of
the  same  type  as  is  implied  from  the  semantic  matching  process,  it  is
necessary to implement an algorithm for  the resources of different types that
could  contain  completely  different  attributes,  however,  only  objects  of  the
same attributes will be put into evaluation. Due to a computational complexity,
only the direct descendants are investigated, rather than to search the whole
subtree of given resources. 
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Figure 5.14: Similarity weights in Traffic Light Management



General method based on Similarity Weights for different resource properties
was  developed  as  well.  Figure  5.14 illustrates  a  generic  structure  of  the
SimilarityWeight ontology concept as well as concrete instances for one of the
tested  applications.  As can be seen,  weights  can be defined for  selected
domain  classes  to  perform similarity  computation.  Such  weights  are  used
when computing similarity between 2 resources. If properties of resources are
matched  the  similarity  value  of  such  a  property  is  summed  to  the  entire
similarity value. When specified by the description logic, the model consists of
SimilarityWeight class with properties  domainClass.SimilarityWeight and the
weight.SimilarityWeight property. 

SimilarityWeight ⊆   
domainClass.SimilarityWeight(Domain) ∩ 
weight.SimilarityWeight(String)

{simWeight} ∈ SimilarityWeight

Two  Resources are similar  to  the value  sim  when for  object  properties of
resources SimilarityWeights are defined and  properties of resources are the
same. The Summed  weight.SimilarityWeight  of such properties divided by
match property count n equals sim.

{res1,res2}  ∈ Resource

sim({res1,res2}) = fsim(
∀{propi} ≡ propertyi.Resource({res1}) ∩  
∀{propj} ≡ propertyj.Resource({res2}) ∩
{propi} ≡ {propj} ∩ {propi} ∈ DomainClass ∩ 
DomainClass ⊆ Domain ∩
∃{simWeight} ∈ SimilarityWeight ∩ 
domainClass.SimilarityWeight(DomainClass) ∈ {simWeight} ∩
{weight} ≡ weight.SimilarityWeight(DomainClass) ∈ {simWeight};
Σij{weight}/n

)

  5.2  Methods for presenting Ontological Knowledge to
Users

In  chapter  Knowledge  Presentation  we  described  the  state  of  the  art  of
knowledge presentation. In this chapter we explain  work done in this area
which  can  be  used  together  with  agents  and  the  depicted   experience
management model. Furthermore it can address different areas of ontology
based knowledge presentation.

We focus mainly on 2 types of knowledge presentation:

• Object Tree Solution

• Transformation
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We  think  other  alternatives  such  as  a  Graph  representation  need  to  be
exploited for better knowledge presentation. We used a graph presentation to
present developed formalized models in the thesis.

    5.2.1  Object Tree Solution

The solution was developed as a part of the Pellucid project prototype. It was
based on the JADE ontology structure[CAIRE02]. Ontology in JADE is defined
as Java classes. The Knowledge base  is based on the facts represented by
events  which  happened  in  an  organization  and  can  be  captured  by  a
computer  system.  The so  called  “browse window”  allowed users  to  return
different  facts  about  what  happened  in  the  organization.  Ontology  as
represented  in  JADE  needs  to  define  predicates,  concepts  and  terms.
Concepts are e.g. contacts, documents or other resources in an organization.
Predicates  connect  concepts,  e.g.  the  events  which  happen  in  the
organization.  For  example  EventContact  connects  Employee,  Contact  and
Activity and it means that the contact was contacted by an employee in a
particular activity. Thus predicates are such concepts, which can be asked
whether it is true or false. The concept is the object in ontology and the term is
property  of  the  concept.  The  event  and  its  child  classes  are  treated  as
predicates in the Pellucid ontology. We can understand each predicate as a
sentence representation in a human language, e.g. for WfActivityPerformed
sentence is “Employees who performed the current workflow activity” or for
EventContact  sentence  is  “Contacts  which  were  contacted  in  the  current
workflow activity by a particular employee”.  As we can see, sentences are
based  on  the  Event  Name  and  its  interconnection  with  an  Employee,
InformationResource and WfActivity. More questions can be asked using the
same predicate, e.g.  by EventContact one can ask: return me all  contacts
contacted  in  a  particular  activity,  return  me  all  contacts  contacted  by  a
particular employee or return me by which employees particular contact was
contacted.  As  can  be  seen  there  are  many  questions  one  can  ask.  Our
algorithm for creating questions is non-deterministic and decisions, which way
to go in creating questions is left up to the user.

pQuestion = SelectPredicate();
cKnown = SelectConcept(GetAllConcepts(pQuestion));
iKnown = SelectInstance(GetAllClasses(cKnown));
cNeeded = SelectConcept(
  GetAllConcepts(pQuestion) – cKnown
);
return createQuestion(
  pQuestion, cKnown, iKnown, cNeeded
);

This  simplified  algorithm  describes  how  a  query  can  be  created  using
ontology and GUI for user's selection of elements. The result of this algorithm
is the FIPA-SL query as in the example bellow and also as in  Figure 5.15.
Answering  agent  transforms  this  query  to  objects  and  compares  object
instances  in  OM to  this  query  using  Java  reflection  methods.  The  above
algorithm allows a user to create queries by selecting a particular instance of
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a class. This way a user cannot create all possible queries, such as queries
where only  property of  the concept  is defined,  but  this  way GUI can stay
reasonably understandable for the users – mainly the experts - as well as
powerful. (See Figure 5.15)

Query in the  Figure 5.15 can be read as follows: Return All EventContacts
where BusinessEntity (contact contacted) is the Police Department and I am
interested  in  the  employee  who  made  the  contacts.  Note  that  ontological
elements adopt a tree structure from inheritance of ontology elements.

Figure 5.15: Query creation GUI – Browse Window 

Automatic querying of InformationResources based on the Event type and its
connection to a workflow activity is  the basis  of  the Pellucid  ontology and
algorithms.  By  simple  extending  InformationResource  with  Document  and
creating  several  Events  as  documentUsed  or  DocumentCreated  extra
functionality is added. The EventNote is another extension and this way an
employee can write any note on documents or contacts. The above algorithm
is quite simple but supports well handling of knowledge in the organization
with workflow processes, and defines the bases for understanding knowledge
for experts. However, for regular users it is quite complicated to translate tree
structures into sentences. Please note that in the browse window, instances
of ontological classes are shown as a string text representation. In the browse
window  approach  the  presented  ontology  was  represented  by  the  Java
classes and instances. Each class defined toString() method which returned
textual representation of an Instance. Definition was different in each class,
but we mainly used title as text representation.

The developed object tree solution as well other object tree solutions [OILED]
[PROTWEB] are useful particularly for experts.

    5.2.2  Transformation Solution used for presenting knowledge in
experience management 

The  key  idea  of  Transformation  solution  based  on  the  XSL,  is  to  deliver
knowledge  in  the  HTML  format.  The  core  of  the  system  work  with  the
knowledge in the OWL, RDF, RDFS format using the Jena[JENAWEB] library.
Knowledge or experience is returned to a user in the Active Hint format. The
active Hints (AH) were created as the central concept of ontology model for
representation experience in the Pellucid project[PELL02]. The AH is simply a
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formalization of experience saying what action to do with a resource in a given
working context.  The AH is therefore composed according to  the following
formula[BAL04A]:

[ACTIVE_HINT] = [WORK_CONTEXT] +  [ACTION] + [RESOURCE] + [EXPLANATION]

Figure 5.16: Pellucid GUI window with Active Hints (right) and opened
resource window (left).

 
Active Hints are suggestions stored or computed in the system based on a
user context. The AHs are present in the system in an RDF/OWL form and
thus can be transformed to a plain XML. The system can adapt any graphical
user interface which can handle XML and supports XML-RPC communication.
We have developed GUI based on the Java JSP technology, which gathers
the XML from the system through the XML-RPC and transform it to the HTML
using the XSL templates.  In  Figure  5.16 can be seen the  GUI  developed
within the Pellucid Project with displayed active hints. The AH can contain
several resources. By clicking on a resource we can see resource properties
formatted by the application defined XSL templates. 

In the experience management we have developed a solution based on the
XSL transformation, which is explained in the previous chapter. An important
part of the presentation is a structure of experience represented by the Active
Hint. Important part of active hint is Explanation displayed to the user who can
thus read it presented active hint/experience as follows do action on resource,
because of explanation.

The  system  development  from  ontology  to  the  HTML  output  covers  the
ontology design through the OWL structure and the XML-RDF, XML format.
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The  ontology  embraces  all  possible  structures  of  output  data,  which  a
website  designer  needs  in  order  to  develop  his/her  website  style.  The
structure of the XSLT files is done according to the domain specific ontology.
Such  a  structure  provides  a  full  control  over  the   structure  of  all
data/knowledge that may be an output from the system sent to the GUI. The
XSLT files act  as a conditional  filter  and a template for  the HTML output.
Bellow we can see an XML message containing the actor  model  with the
Active Hint passed from the system to the GUI:
<Employee ID="empl1">
  <activeHint>
    <ActiveHint ID="ah2">
      <action>
        <Action ID="aSee">
          <title>See</title>
        </Action>
      </action>
      <context>
        <WfActivity ID="wfa2">
          <title>Preliminary analysis</title>
        </WfActivity>
      </context>
      <explanation>
        These traffic Lights where requested by same applicant
      </explanation>
    </ActiveHint>
  </activeHint>
  <context>
    <WfActivity ID="wfa2">
      <title>Preliminary analysis</title>
    </WfActivity>
  </context>
  <email>Cmerlino@comune.genova.it</email>
  <firstname>Carlo</firstname>
  <lastname>Merlino</lastname>
  <title>Sector Responsible</title>
</Employee>

The main Tab on the GUI is the tab titled “Active Hints”. This Tab displays
those Active Hints, which were chosen and sent by the corresponding PAA to
the GUI. The “Active Hints” Tab displays Active Hints relevant to the current
context. Presentation of hint follows the semantics described in the Generic
Ontology.  Each  displayed  hint  consists  of  an  Action,  Resource  Type  and
Explanation. Resource Type can be further expanded into concrete Resource
Instances represented by links to proper URIs.

Figure 5.17: Active
Hints presentation
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Active  Hints  are  generated  depending  on  the  current  user's  history  and
expertise in his/her current position.  There are always the three most actual
hints presented in the GUI. If  there are more than one hint  for the current
context, those are available in the extended hint View which is opened in a
separate window.

    5.2.3  Knowledge Presentation Conclusion

It is clear that any agent should be able to return its knowledge in the XML  or
RDF form and  thus  this  knowledge  can  be  presented to  an  end  user  or
passed to another agent or a system. Such an option  was developed within
the library specified in chapter 4. 

Generally  there are 3 types of knowledge presentation: Object Trees, Graphs
and XSL Transformation. We describe our solutions developed in the scope of
the Pellucid project based on the Object Tree and the  XSL transformation
solution. The described solutions were evaluated in  different types of users.
The Object  Tree  is  the  best  for  knowledge  experts,  while  graphs  can  be
valuable for all users. A graph knowledge presentation was used in scope of
this  thesis  presenting  all  ontology  models  as  graphs  output  of  formalized
OWL-DL.  The  XSL  transformation  based  on  XML  is  probably  the  best
solution.  The  XML  and  XSL  are  commercial  standards  and  can  be
implemented by most of developers. In our future work we would like to focus
on a Graph representation,  find applications where this kind of  knowledge
presentation is appropriate and evaluate it. As already mentioned the work
done within the thesis was mainly support  for agents to  be able to output
RDF/OWL  knowledge  in  a  plain  XML  form  by  existing  commercial
communication  protocols  such  as  XML-RPC.  The  other  work  done  with
creating  of  the  JSP  pages  and  the  XSL  templates  was  done  by  other
members of the Pellucid consortium.
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6  Use and Evaluation of Results in
Pilot Operation

In this chapter we show a use of the work described in the thesis in R&D
projects. We discuss mainly use and evaluation of thesis results in scope of
Pellucid  IST  project,  but  others  applications  fro  results  of  the  thesis  are
presented as well.

  6.1  Pellucid IST Project

The overall objective of the Pellucid was to develop an adaptable platform for
assisting  organizationally  mobile  employees,  in  effect  to  re-engineer  their
work  in  an  organization.  This  will  improve  organization  effectiveness  and
efficiency by formalization, recording, storage and preservation of experience
and  knowledge;  and  supporting  workers  during  integration  in  a  new
department or a role by giving access to specific knowledge and experience
accumulated in the past. At the technical level, the objective is to develop and
integrate  several  advanced  technologies  in  a  customizable  agent-based
architecture.  These  technologies  include  autonomous  co-operating  agents;
responsive interaction with the end-users; organizational memory; workflow
and process modeling;  and metadata for accessing document repositories.
Another objective is to obtain experience with customization and to formulate
guidelines  for  the  best  practice  in  using  the  Pellucid  platform in  assisting
organizationally mobile workers [PELLTA].

    6.1.1  Pellucid Pilot Sites

Pellucid project results were evaluated on 3 pilot sites; one located in Genoa,
Italy  dealing  with  Traffic  light  installation  and  management.  Other  2  are
located in Seville, Spain concerning call center and project management.
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6.1.1.1 Project Management - MMBG

The Mancomunidad de Municipios del Bajo Guadalquivir is an organization
created by eleven local authorities with the main objective of contributing to
the social and economic development of an area with 250,000 inhabitants.

The particular problem of MMBG is the wide range of tasks that its employees
must  handle.  They  include  managing  of  joint  services  (such  as  recycling,
cultural  projects),  provision of innovation and technology services (such as
identifying opportunities and weaknesses in the region), support to business
initiatives, etc.

The MMBG objectives are as follows:

• Support  activities  for  employment  creation  and  improvement  of  living
standards among the population

• Favor a change in the productive systems of local communities towards
activities with comparative advantages in national and international market

• Create  transport  and  communication  infrastructures  and  the  necessary
services to support the development of local economies

• Administer economic and financial  aid destined for promoting production
and constructing infrastructures and services

• Coordinate  initiatives  and  collaborate  with  agents  involved  in  regional
development projects taking place in the area.

• A management  of  projects  procedure was  selected  as  a representative
workflow process in this organization. 

6.1.1.2 Traffic Light Management - CDG

The pilot application of the Comune di Genova will  address the support to
organizational  mobility  among  several  areas  of  the  Traffic  and  Mobility
Management  Department  of  a  large  city  administration  -  the  department
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Figure 6.1: Pilot Application MMBG - Management of Project and Service
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managing facilities and technical systems belonging to the urban and near-
urban road system. The range of services managed includes:

• planning,  installation  and  maintenance  of  traffic  signs  and  signaling
systems

• planning and management of parking areas and resources

• strategic traffic planning, by study, definition and design of traffic circulation
plans within the overall road network

• strategic planning of Public Transport services

• daily  operation  and  management  of  technical  systems  and  facilities
controlling traffic and mobility within the road network.

A process for installation and maintenance of a traffic light plant was selected
as a representative workflow process within the organization.  

An analysis of the process was performed with the aim to model the process
and discover the bottlenecks in the process. Knowledge of the organizational
structure  was  considered  in  modeling  the  process.  Figure  6.2 presents  a
general organizational structure with a short description of activities linked to
particular roles within the organization. 
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Figure 6.2: Organizational structure and a process of a traffic lights installation in MTD

 



6.1.1.3 Call Center - SADESI

The Junta de Andalucía, of which the Consejería de la Presidencia is a part,
has a corporate telecommunications network. This is known as SADESI. It
covers 50 departments and 1.250 buildings connected for data services, 53
departments, 550 buildings, and 47.000 lines for fixed telephony services, 53
departments, 7.300 lines for mobile telephony services.

Management and resolution of fixed telephony breakdowns by the agent of a
call  center  was  chosen  as  a  representative  workflow  process  within  the
organization.

The  organization,  unlike  the  two  ones  mentioned  below,  has  a  software
application  with  some  WfMS  functionalities,  (Vantive)  implemented.   The
Pellucid purpose in this organization is to support a new agent in the call-
center to decrease a training time, and to improve quality and efficiency of the
service.

The objective of the Pellucid platform is to capture experience from other call-
center agents, to classify and sort the general knowledge and support their
resolution, and be of assistance during the process of training a new agent.
The  possibilities  to  improve  functions  of  the  Vantive  application  were
analyzed. A user interface to cooperate with this Vantive “workflow system”
was created.

    6.1.2  System Specification and Design

The Pellucid architecture consists of several main elements (see Figure 6.4).

Pellucid  Agents  (PA)  –  the  core  of  the  Pellucid  system,  taking  care  of
monitoring, reasoning and interfacing;

• Organizational Memory (OM) – the ‘history’ of the organization which the
Pellucid agents use;
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Figure 6.3: Management and resolution of fixed telephony breakdowns
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• Organizational  repositories  –  stores  of  documents  (in  a  broad  sense)
available as part of the work processes;

• Workflow Management/Tracking System (WfMS/WfTS);

• Web Server (HTTPD) – that integrates Pellucid with WfMS/WfTS through
Web Interface.

Figure 6.4: Scheme of Basic Architecture

Different approaches to combining the Pellucid user interface with that of the
WfMS/WfTS can  be  implemented.  In  one  model,  all  the  requests  can  be
directed to a special Web Server. The Web server will request the information
from  both  the  WfMS/WfTS  and  from  Pellucid  Personal  Assistant  Agents
(PAAs).  After  the  Web  Server  receives  a  complete  reply  from  the  both
systems it  connects  the  two parts  and creates  the  final  Web output.  The
connection is based on templates.

The Workflow Management System (WfMS) reports about current workflow
activities (process steps) or other events which happens in the system to the
monitoring agent, using XML-RPC. 

Pellucid can integrate any Workflow system, which can communicate events
via XML-RPC and has WWW Interface. Pellucid can be used also without
WfMS in cases where there is no WfMS in the organization. However, there is
a workflow in each organization, i.e. WfMS can be replaced by the Workflow
Tracking System (WfTS), which has less functionality than WfMS but current
workflow user, and performed workflow activity and time of this activity should
be reported by WfTS to the Pellucid System. 

As WfMS/WfTS provides tracking of environment for Pellucid agents, other
event  based,  environment  monitoring  systems  can  be  pluged-in  e.g.
monitoring of email server or repository monitors.

Pellucid  is  also  connected  to  Organizational  Repositories  (OR)  where
documents are  stored.  These repositories  are  existing in  the organization,
rather than being part of the Pellucid system.
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    6.1.3  Pellucid Agents

In this section the Pellucid Agents functionality is briefly described. Types of
pellucid agents:

• Monitoring Agent (MA)

• Information Search Agent (ISA)

• Capitalization Agent (CA)

• Role Agent (RA)

• Task Agent (TA)

• Personal Assistant Agent (PAA)

The Monitoring Agent provides an interface for  receiving information about
events  which  happened  in   the  employee  environment,  mainly  from  the
WfMS/WfTS, repository monitors or email monitoring. The Information Search
Agent  (ISA)  is  activated  by  RA  to  search  for  Information  Resources
(documents  and  contacts)  using  ontological  metadata.  The  Capitalization
Agent asserts new facts on a review of historical data from OM. It performs
data mining on the OM to find, organize and store global knowledge. The RA
is  associated  with  a  role  of  an  employee within  an  organization  and  it  is
related to a workflow process. The RA provides Wf-related information to the
PAA  and  handle  simple  queries  from  the  PAA.  The  RA  gathers  relevant
information directly from the OM or indirectly utilizing the TA and the ISA. The
RA serves to several PAA. It is an intelligent agent with  knowledge about the
associated  role.  The task Agent  is activated by the RA to  find knowledge
related  to  a  certain  activity  in  workflow.  It  handles  complex  and\or  time-
consuming queries form the RA. The PAA provides an interface between a
user (employee) and the Pellucid agents. The PAA passes user-request for
knowledge to the RA and handles received information from RA/TA/ISA. It
presents personalized information to a user. There is one PAA per user.

The  UML  Sequence  diagram  (Figure  6.5 and  Figure  6.6)  presents  how
information  between  the  Pellucid  architecture  elements  is  exchanged.  By
elements  we  mean  agents,  a  web  server,  the  WfMS/WfTS  and  the
Organizational Memory. Several sequence diagrams illustrating  the Message
Passing  Scheme  were  created  based  on  the  defined  methodology  from
chapter 4:

• Action Performed in WfMS/WfTS User Interface

• Action Performed in Pellucid User Interface
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For better understanding of sequence diagram schemes see a table bellow.

From To Message
type

Content Purpose

MA RA Inform activityID, userID Informing  about  activities
in workflow

RA TA Query-ref userID, criteria Requesting  the  TA  to
provide  the  RA  with  info
related to the Activity

RA ISA Request userID,  ActivityID,
InstanceID,
keywords 

Requesting  the  ISA  to
perform  actions  on
Repositories  to  return  the
RA a document list

Use and Evaluation of Results in Pilot Operation  95

Figure 6.6: UML Sequence Diagram - Action Performed in Pellucid User Interface

Figure 6.5: UML Sequence Diagram - Action Performed in WfMS/WfTS User Interface



TA RA Inform UserID, Content Returns  information
related  with  an  activity
such  as  relevant  contact
list etc.

ISA RA Inform UserID, ActivityID,
InstanceID,
DocumentList

Returns  a  related
document list to the RA

RA PAA Inform ActivityID,
Content

Inform  the  PAA  with  all
useful  info  related  to  an
activity  such as a contact
list, or a document list.

PAA RA Inform ActivityID, Rating Inform  the  RA  about  a
user  rating  on  contacts,
documents or other useful
information.

PAA ISA Query-ref DocumentID Request  the  ISA  for
returning  a  particular
document

ISA PAA Inform DocumentID,
DocumentContent

Returns document

PAA RA Query-ref ActivityID, Criteria The PAA requests the RA
to  return  information
related  to  the  activity  in
relation  to  certain  criteria
(ontological question)

Any Any Not-
understood

- When  an  agent  gets  an
unexpected
understandable message .

    6.1.4  Ontology Model

General  Knowledge  or  the  Ontology  model  used  in  Pellucid  is  shown  in
chapter 5.1.1 Ontology Model for Experience Management. Here we present
only its extensions for different Pellucid pilot sites. This demonstrates that a
used model is generic. The Actor Model algorithms for updating actors/agents
context and resources were explained  in chapter 5 and it is valid for all 3 pilot
sites.  In  our  view   it  is  suitable  for  most  of  Experience  Management
applications.  Described  Domain  Ontologies  show  only  the  most  essential
domain concepts.

6.1.4.1 Traffic Light Management (CDG) Domain Ontology

The  CDG  domain  ontology  describes  the  main  concepts  of  Traffic  Light
installation problematics.  Concepts like Centralized, Shape, District  refer to
properties of a traffic light. The Applicant Type or Request type are related to
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a request for Traffic light installation. The Hot Point is atomic like activity. The
domain entities are used for reporting of application environment events or
context  of  events,  related  to  Problem  (Workflow  Instance)  or  used  for
calculating similarity methods.

6.1.4.2 Project Management (MMBG) Domain Ontology

MMBG domain ontology defines mainly concepts related to different types of
documents as well  as the Project (Problem or Workflow Process instance)
related concepts such as a theme, a type or an action line of the project.
These concepts are reported in events and then processed by algorithms for
resource and context updating. Moreover some of them are used for similarity
calculations.

6.1.4.3 Call Center (SADESI) Domain Ontology

The SADESI domain ontology was more complicated because this pilot site
did not adopt similarity calculations. Returned experience for users had to be
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Figure 6.8: Main Domain Concepts of MMBG Ontology

Figure 6.7: Main Domain Concepts of CDG Ontology



always relevant as  it  was used mainly by unexperienced employees. This
pilot  site  concerned  solving  and  processing  the  problem  of  telephone
incidences. Most of the Domain ontology concepts are incidence properties
such as outbuilding, a priority, a type or a reporting person. This pilot  site
business  process  was  tied  up  with  email  communication  between
telecommunication operators and human agents of a call center. Thus events
from the application environment were related not only to workflow activities
but also  to the received email messages. 

    6.1.5  Similarity Methods Used in Pellucid

Two of the Pellucid applications used the approach described in chapter 5
regarding similarity measures for the problem context. The main idea was to
return relevant resources (in this case experience in a form of Active Hints)
from  a  similar  context  to  the  current  user  context.  The  proposed  system
allowed defining a lot of similarity types providing similarity measures between
different resources. As mentioned in chapter 5 we have developed a generic
similarity  method based on Similarity  weights  which  can be defined in  an
ontology model. Such a method could be used simply by definition of weights
in ontology, redesigned to include other properties as well or to use totally
independent  similarity  methods.  All  3  options  were  used  in  the  Pellucid
project.

6.1.5.1 Trafic Light Management (CDG) Similarity Functions

The CDG adopted 2 types of similarity methods:

• Similarity of Free Text Notes

• Similarity of Traffic Lights (Workflow Process Instances)
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Figure 6.9: Main Domain Concepts of SADESI Ontology



A free text notes similarity was created independently of a knowledge model,
based on text processing, forward indexes and stop words.

The Similarity of Traffic Lights adopted the approach presented in the thesis
under definition of the Similarity Weights for ontology concepts(Figure 5.14).
This general  approach was extended by a hard coding similarity  of  Street
Types and other properties of the traffic light.

6.1.5.2 Project Management (MMBG) Similarity Functions

The MMBG application adopted similarity measures based on the Similarity
Weights (Figure  6.10)  explained in  chapter  5 too,  where an action  line,  a
project type and a processing department are the most significant  concepts
of the project similarity.

    6.1.6  Conclusion

The Pellucid project provided an enormous opportunity to test and evaluate
the results presented in the thesis. The Agent Memory Model, Methodology
for Knowledge based Agents modeling, Knowledge Model for the experience
management  with  algorithms  for  updating  actors  context  and  resources
(active hints) as well as similarity methods were successfully used, tested and
evaluated within the Pellucid  project.  
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Figure 6.10: Similarity Weights in MMBG Application



  6.2  K-Wf Grid IST Project

The Knowledge-based Workflow System for Grid Applications – K-Wf Grid is
a project funded by EC. The main objective of the K-Wf Grid project is to
enable the knowledge-based support of workflow construction and execution
in  a  Grid  computing  environment  (Figure  6.11).  In  order  to  achieve  this
objective the consortium members will develop a system that will enable users
to:

• semi-automatically compose a workflow of Grid services,
• execute  the  composed  workflow  application  in  a  Grid  computing

environment,
• monitor  the  performance  of  the  Grid  infrastructure  and  the  Grid

applications,
• analyze the resulting monitoring information,
• capture the knowledge that is contained in the information by means of

intelligent agents,
• and finally to reuse the joined knowledge gathered from all  participating

users in a collaborative way in order to efficiently construct workflows for
new Grid applications.

Figure 6.11: K-Wf Grid Knowledge Cycle and Objective

Result of the thesis were used in preparation of this project. K-Wf Grid does
not use Multi-Agent System. However it contains 2 types of agents, which are
designed object oriented way:

• User Assistant Agent (UAA) plays a similar role as the PAA in the Pellucid.
It helps a user to compose appropriate workflows for his/her problem. In
addition, it assists to a user in  application related  knowledge.

• Knowledge  Assimilation  Agent  (KAA)  receives  events  from environment
and searches for patterns of new knowledge.
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The K-Wf Grid uses a similar model of the environment based on resources,
actors and events (see  Figure 6.12) as presented in the Thesis. The UAA
manages  actors'  (users')  context  and  prepare  appropriate  resources  for
actors.  Resources  are  mainly  Web  or  Grid  Services,  which  are  then
composed  to  workflow.  Thus  it  used  formulas  for  the  context  CA

new  and
resources RA

new updating presented in the Thesis.
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Figure 6.12: Main Elements of Knowledge Model in K-Wf Grid



  6.3  Other Applications – Future Work 

Results  of  this work were  used in several  other  applications  and projects,
where similar approach is suitable, however it  was not proved yet that the
approach would  bring the expected results because it is used in on going
projects.

    6.3.1  Raport APVT Project

Raport (Research and development of a knowledge based system to support
workflow management in organizations with administrative processes APVT-
51-024604)  is  Slovak APVT project concerning knowledge management in
administration processes. Modeling of Military Training Center Activities for
Slovak  Army  was  chosen  as  a  pilot  site  of  the  project.  Experience
Management System will be implemented in military exercise planning. In this
part  of  military  exercise  it  is  needed to  perform large amount  of  work  for
preparation  of  exercise  requirements,  collection  of  documents  (so  called
Exercise Directive) and needed tasks for  every employee of Center under
consideration actual situation in personally staff of MTE Center. Because this
activities are repeating usually it  offers the idea to use for preparation and
realization of military exercise the automatic system, which is suitable for the
automatic verification of the activities of MTE Center. The system can be used
for representation, modelling and evaluation of MTE Centrum activities and at
the same time can be used for verification of the preparation of MTE Centrum
for planned activities. 

The system should enable simplify the exercise organization of  officers by
employees of MTE Centrum. In the case of changes of conditions from reason
of absence of employees, or arrival of new employees, etc., the system can
be  minimized  for  time  consuming  loss  connected  with  reorganization  of
exercise  preparation,  which  are  influenced  by  above  mentioned  realities.
Utilization of existing solution from the thesis prevents loss of the continuity in
realization of exercise preparation from point of planning of needed activities,
documents preparation, etc. The contribution of the system in MTE Centrum
task  organization  is  to  define  the  field  of  activity  and  relations  between
employees  of  MTE Centrum so  as  after  whatever  change  were  possible,
without more serious time loss, verify all  needed activities and continue in
given activity without detriment of complexity, competence and qualification. 

The Importance of Raport for MTE Centrum 
• description of MTE Centrum organization structure
• description of document flow
• verification of military exercise preparation
• evaluation of military exercise preparation
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Raport  workflow  will  be  based  on  email  messaging,  where  sending  and
receiving  of  email  will  be  considered  as  workflow  activity  which  can  be
captured and evaluated. From such events user context need to be updated
and required knowledge resources need to be delivered to user in current
context. Model and algorithms  presented in the thesis are thus applicable in
the  project.  Developed  result  should  be  applicable  for  many  other  similar
administration procedures. 

    6.3.2  Znalosti Project

Znalosti  (Research  and  Development  of  Tools  for  Knowledge  Discovery,
Maintenance and Presentation, SPVV 1025/04) is Slovak Project. Some ideas and
results  were  used  for  preparation  of  project  proposal.  Project  has  started  in
September 2004. And it is focused on discovery, maintenance and presentation of
knowledge. Project is so far in analysis and design face, there is possibility to use
software  agents  with model  as described in thesis  for  sources discovery.  Project
objectives  are  not  directly  related  to  the  thesis  and  can  not  used  for  example
presented  model  but  project  will  use  same infrastructure  as  presented  in  thesis;
namely CommonKADS methodology,  Protégé ontology editor  and Jena Semantic
Web library.
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7  Conclusion 

Multi-Agent  Systems  or  Agent  Oriented  Programming  is  a  very  powerful
method  in  distributed  heterogeneous  information  systems  when
representation and reasoning with  knowledge is  needed.  At  present,  MAS
lack interconnection with current commercial technological standards and the
results of semantic web research. MAS needs to incorporate results of many
areas  of  Computer  Sciences  such  as  artificial  intelligence,  knowledge
management and others. In MAS knowledge is usually represented by states,
rules  or  predicate  logic.  This  is  very  powerful  but  it  is  hard  to  capture
knowledge from a person or from current information systems in such way,
and  also  it  is  hard  to  present  knowledge  information  expressed  in  e.g.
predicate logic to the end user. Ontology as understood in the semantic web
is closer to current information systems because it  is  based on XML/RDF,
which can be more  easily  captured or  returned from/to a  user  or  existing
information system. This was the motivation for introducing knowledge, based
on semantic web results, to MAS, creating a suitable agent knowledge model
and  applying  this  model  to  experience management.  The agent  library  to
support  such  a  model  was  developed  and  thus  extends  the  JADE agent
system, which is the best developed current MAS toolkit.

The approach was successfully used and evaluated in several R&D projects,
mainly in the Pellucid project [PELL02] (A Platform for Organisationally Mobile
Public Employees EU 5FP IST-2001-34519). The developed library for using
such a semantic model, was published on the JADE agent website and it is
available to the worldwide JADE community.

  7.1  Summary of Dissertation

The dissertation describes how semantic web results can be used in Multi-
agent systems. An agent knowledge model was created, which can model
agents environment, agent context and agent resources obtained as result of
agent behavior. The model was extended for experience management and
algorithms for updating the model were defined as the environment changes.
It was proved that such a model and agent architecture are implementable
and can be used in different knowledge management applications.
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  7.2  Results 

General  Agent  Knowledge  Model –  a  model,  which  can  be  used  for
development of an agent memory or agent knowledge model was defined.
Such a model is easily manageable with the Protégé ontology editor. Such a
knowledge model can be used also to model many knowledge management
systems with their environments and actors—this has been demonstrated in
several projects and applications.

An Agent Library was developed and can be used for implementing software
agents  with  RDF/OWL  model.  The  library  helps  interconnect  current
commercial technologies with MAS and KM. The library is also published on
the JADE website and available to JADE developers, which also confirms that
such library  was missing and is needed by the agent community

Methodology for Creating Agent based Knowledge Management Systems is a
methodology which adapted features of CommonKADS, MAScommonKADS
and Protégé as  methodology tool.  It  is  usable for  developing Agents  with
RDF/OWL  knowledge  model  as  well  as  for  experience  management
applications.

Algorithms supporting similarity, model, actor's resources or context updating
according to the knowledge model used, mainly for experience management.

Presentation Methods based on existing commercial solutions for presenting
of ontology based knowledge.

Concrete Examples of Use – Use and evaluation of results in pilot operations.

  7.3  Scientific Contribution

Thesis can effect several areas in computer sciences. 

● Introduction of  Agent Memory Model based on events, resources, actors
(Chapter  4.1).  Using  of  such  model  leads  developers  to  follow needed
modeling extensions.  The model  clearly  defines the application and the
actor  of  environment  and  speeds  up  design  and  development  of  the
knowledge based agents.

● Introduction  of  Modeling  Methodology (Chapter  4.2).  The  described
methodology adopts existing knowledge management and system design
methodologies. Its contribution lies in adoption of existing methodologies
and tools for agent model which helps with applying such model.

● Introduction  of  Agent  Library (Chapter  4.3).  This  chapter  presents
implementation of the agent architecture and the model; further important
benefit  is  in  applying  the  semantic  web results  to  multi-agent  systems.
Using  of  such  library  enables  the  agent  community  to  exploit  the
RDF/OWL based models in multi-agent systems as well as connect multi-
agent system with commercial technologies and communicate formalized
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knowledge to the users (Chapter 5.2)

● Introduction  of  Generic  Ontology  model  for  Experience  Management
(Chapter 5.1). Using of such model MAS can be used for the experience
management to develop distributed EM solution. Moreover such model is
usable outside the multi-agent systems. Similarity methods designed and
developed can be used as similarity framework for ontology individuals.

● Thesis  Model,  Methodology,  Architecture  and  Library  can  accelerate
movement form scientific results to commercial application.

  7.4  Future Work

Work presented in the thesis will be further developed and extended. Such
process have  already been started  and we  are  trying  to  apply  developed
model, methodology and infrastructure to solve different problems. 

Recently work on new EMBET[LAC05C] framework has been started. This
framework should be suitable for experience management application where
experience will be based only o text notes entered by users. Framework is
built on Experience Management model presented in the thesis and extends it
with additional features concerning knowledge maintenance and knowledge
introduction into system by users of the system. 

We will try to focus on developing mechanisms for easier integration of EM
solution with existing systems and support easier knowledge maintenance in
the system. The future work will continue with currently running projects K-Wf
Grid  [KWFGRIDWEB] (Knowledge-based  Workflow  System  for  Grid
Applications EU RTD IST FP6-511385), Raport (Research and development
of  a  knowledge  based  system  to  support  workflow  management  in
organizations with administrative processes APVT-51-024604) and Znalosti
(Tools  for  acquisition,  organization  and  maintenance  of  knowledge  in  an
environment of heterogeneous information resources SPVV 1025/04). 
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8  Appendix – Ontologies

Appendix Ontologies gives brief overview on ontology related topic from state
of the art in this field.

  8.1  Ontology related Methodologies

In this chapter overview of ontology related methodologies is given.

    8.1.1  Building Ontologies in General

The  basic  steps  in  building  an  ontology  are  straightforward.  Various
methodologies exist to guide the theoretical approach taken, and numerous
ontology building tools are available. The problem is that these procedures
have not  coalesced into  popular  development  styles  or  protocols,  and the
tools  have  not  yet  matured  to  the  degree  one  expects  in  other  software
practices. Further, full support for the latest ontology languages is lacking.

An ontology is typically built in more-or-less the following manner:

Acquire domain knowledge

Assemble appropriate  information resources and expertise that  will  define,
with consensus and consistency, the terms used formally to describe things in
the domain of interest. These definitions must be collected so that they can be
expressed in a common language selected for the ontology.

Organize the ontology

Design the overall conceptual structure of the domain. This will likely involve
identifying  the  domain's  principal  concrete  concepts  and  their  properties,
identifying the relationships among the concepts, creating abstract concepts
as  organizing  features,  referencing  or  including  supporting  ontologies,
distinguishing which concepts have instances, and applying other guidelines
of your chosen methodology.

Flesh out the ontology
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Add concepts,  relations, and individuals to the level  of  detail  necessary to
satisfy the purposes of the ontology.

Check your work

Reconcile syntactic, logical, and semantic inconsistencies among the ontology
elements. Consistency checking may also involve automatic classification that
defines new concepts based on individual properties and class relationships.

Commit the ontology

Incumbent on any ontology development effort  is  a final  verification of the
ontology by domain experts and the subsequent commitment of the ontology
by publishing it within its intended deployment environment.

    8.1.2  Skeletal methodology

This  methodology  is  based  on  the  experience  of  building  the  enterprise
ontology (1995), which includes a set of ontologies for enterprise modelling.
The following guidelines for developing ontologies are proposed:

1. Identify purpose. Clarify goal and intended usage of the ontology.

2.Building the ontology, which is broken down into three steps:

1. Ontology  capture.  Identify  key  concepts  and  relationships  in  the
domain of interest. Create precise unambiguous text definitions for such
concepts and relationships and identify terms to refer to them. Use a
middle-out approach to perform this step, so identify the most important
concepts  which  will  then  be  used  to  obtain  the  remainder  of  the
hierarchy by generalization and specialization.

2. Coding. Represent the knowledge acquired in 2(a) in a formal language.

3. Integrate existing ontologies.

3.Evaluation. Make a judgement of the ontologies with respect to a frame of
reference  which  may  be  requirements  specifications  or  competency
questions.

4.Documentation. Document ontologies according to the type and purpose.

A disadvantage of this methodology is that it does not precisely describe the
techniques for performing the different activities. For example, it is not clear
how the key concepts and relationships should be acquired.
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    8.1.3  KACTUS

The approach of Bernaras (1996) was developed within the Esprit KACTUS
project. One of the objectives of this project was to investigate the feasibility of
knowledge re-use in complex technical systems and the role of ontologies to
support it. The methodology recommends an application driven development
of ontologies. So, every time an application is assembled, the ontology that
represents the knowledge required for  the application is built.  Three steps
have to be taken every time an ontology-based application is assembled:

1. Specification of the application. Provide an application context and a view
of the components that the application tries to model.

2. Preliminary  design.  Based  on  relevant  top-level  ontological  categories,
create a first  draft  where the list  of terms and application specific tasks
developed during the previous phase is used as input for obtaining several
views  of  the  global  model  in  accordance  with  the  top-level  ontological
categories determined. Search for existing ontologies which may be refined
and extended for use in the new application.

3. Ontology  refinement  and  structuring.  Structure  and  refine  the  model  in
order to arrive at a definitive design.

The methodology offers very little detail and does not Setting up an ORSD to
capture  requirements  for  an  ontology  similar  to  a  software
specification.recommend  particular  techniques  to  support  the  development
steps.  Also,  documentation,  evaluation  and  maintenance  processes  are
missing.

    8.1.4  Methontology

The methontology framework includes:

• The identification of the ontology development process, which refers to
which  tasks  (planning,  control,  specification,  knowledge  acquisition,
conceptualization,  integration,  implementation,  evaluation,
documentation, configuration management) one should carry out, when
building ontologies.

• The identification of stages through which an ontology passes during
its lifetime.

• The steps to be taken to perform each activity, supporting techniques
and evaluation steps.

The methodology offers  detailed support  in  development-oriented  activities
except  formalization and maintenance,  and describes project  management
activities.
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    8.1.5  Formal Tools of Ontological Analysis

In  Guarino  and  Welty  (2000),  a  formal  ontology  of  unary  properties  is
proposed to help the use of the subsumption relation in a disciplined way.
This  formal  ontology  is  based  on  four  fundamental  philosophical  notions
(identity, unity, rigidity and dependence) which impose constraints about the
way  subsumption  is  used  to  model  a  domain.  These  constraints  clarify
misconceptions about taxonomies and give support to bring substantial order
to ontologies.

The  authors  present  a  six-step  methodology  to  produce  wellfounded
taxonomies. These steps are important to get a cleaner taxonomy due to the
semantic constraints imposed on the is-a relation. In addition, the rigorous
analysis  forces  the  ontology  engineer  to  make  ontological  commitments
explicit, clarifying the intended meaning of the concepts used and therefore
producing a more re-usable taxonomic structure[TSWEB].

    8.1.6  On To Knowledge methodology

The path of an application driven ontology development process is sketched
in Figure . The main stream indicates activities that finally lead to a refined,
evaluated and applied ontology that has to be maintained. Each flag indicates
major  outcomes of  the  related  activity.  The most  important  steps of  each
activity  are  sketched  below  every  activity.  Refinement,  evaluation  and
maintenance may need to be performed in iterative cycles. We now describe
each activity in detail.
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Feasiblility study

We identify problem/opportunity areas and potential solutions, and put them
into a wider organizational perspective. In general, a feasibility study serves
as decision support for economical, technical and project feasibility, in order to
select the most promising focus area and target solution.

We focus on aspects of the feasibility study that help to identify:

• stakeholders  related to  a  project  divided into  users  of  the  system (the
knowledge worker) and supporters of the system (the knowledge engineer,
the knowledge provider and management);

• use cases describing the usage scenarios which we call user driven use
cases (push services,  community of  knowledge sharing, navigating and
browsing  a  knowledge  base,  querying  a  knowledge  base  and  seeking
knowledge)

• use  cases  supporting  these  user  driven  use  cases  which  we  call
supporting use cases (ontology development, maintenance, annotation, fill
knowledge base).

Kick-off phase

The ontology development starts with the kick off phase. Similar to software
development in general, we start with an ontology requirements specification
document (ORSD). In general it describes what an ontology should support,
sketching  the  planned  area  of  the  ontology  application  and  listing,  for
example, valuable knowledge sources. It contains a set of relevant structures
of  the  domain.  The ORSD should  guide  an ontology engineer  in  deciding
about  inclusion  and  exclusion  of  concepts/relations  and  the  hierarchical
structure of the ontology.

In detail, the ORSD contains the following information:

− Domain and goal of the ontology

− Design guidelines
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− Knowledge sources

− Potential users and usage scenarios

− Competency questions

− Applications supported by the ontology

Refinement Phase

The goal  of  the refinement  phase is  to  produce a mature  and application
oriented target ontology according to the specification given by the kick off
phase.  It  is  divided  into  several  subphases.  First,  a  knowledge  elicitation
process with domain experts based on the initial input from the kick off phase
is  performed.  There,  the  initial  draft  of  the  ontology  is  modified  and/  or
extended (e.g. by refining concepts). Second, the target ontology is created
by  formalizing  the  semi-formal  description  of  the  ontology  in  formal
representation languages such as OIL, DAML+OIL or OWL.

Depending on the application that has to be supported, one has to choose the
appropriate  representation  language.  Formal  representation  languages
typically differ in their expressive power and tool support for reasoning. The
ontology  engineer  has  to  consider  the  advantages  and  limitations  of  the
different languages to choose the appropriate one for the application.

Evaluation phase

The  ontology  engineer  needs  to  check,  whether  the  target  ontology  itself
suffices the ontology requirements specification document and whether the
ontology based application supports or answers the competency questions,
analysed in the kick off phase of the project. Therefore the ontology is tested
in the target application environment. A prototype should already show core
functionalities of the target system. Feedback from beta users of the prototype
may be a valuable input for further refinement of the ontology.

Maintenance and Evolution Phase

The maintenance and evolution of an ontology-based application is primarily
an organizational process. There have to be strict rules to the update/insert/
delete processes of ontologies. We recommend that the ontology engineer
gathers changes to the ontology and initiates the switch over to a new version
of the ontology after thoroughly testing all possible effects on the application.
Most important is to clarify who is responsible for maintenance and how it is
performed. For example, is a single person or a consortium responsible for
the maintenance process? In which time interval is the ontology maintained?
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  8.2  Ontology Representation

In this chapter more information on types of ontology representation such as
RDF, DAML+OIL or OWL is presented.

    8.2.1  RDF

The resource description framework (RDF) is a recent W3C recommendation
designed to standardize the definition and use of meta-data descriptions of
web-based resources. However, RDF is equally well suited to representing
data.  The  basic  building  block  in  RDF  is  an  object  attribute  value  triple,
commonly written as A(O,V). That is, an object O has an attribute A with value
V.

This  notation  is  useful  because  RDF  allows  objects  and  values  to  be
interchanged. Thus, any object can play the role of a value, which amounts to
chaining  two  labelled  edges  in  a  graphic  representation.  The  example  of
expressing of three relationships in A(O,V) format:

hasName( http://www.w3.org/employee/id1321 ,  Jim Lerners ) 

authorOf( http://www.w3.org/employee/id1321, 

http://www.books.org/ISBN0062515861 ) 

hasPrice( http://www.books.org/ISBN0062515861 , "$62").

    8.2.2  RDF Schema

RDF Schema takes a step further into a richer representation formalism and
introduces basic ontological modelling primitives into the web. With RDFS, we
can  talk  about  classes,  subclasses,  subproperties,  domain  and  range
restrictions of properties, and so forth in a web-based context. Despite the
similarity  in  their  names,  RDFS fulfils  a  different  role  than  XML Schema.
XMLSchema, and also DTDs, prescribe the order and combination of tags in
an XML document.  In  contrast,  RDFS only  provides information about the
interpretation of the statements given in an RDF data model, but it does not
constrain the syntactical appearance of an RDF description.

RDFS lets developers define a particular vocabulary for RDF data (such as
hasName) and specify the kinds of object to which these attributes can be
applied. In other words, the RDFS mechanism provides a basic type system
for  RDF models.  This  type  system uses  some predefined terms,  such  as
Class, subPropertyOf, and subClassOf. RDFS expressions are also valid RDF
expressions. RDF objects can be defined as instances of one or more classes
using the type property.  The subClassOf  property  allows the developer  to
specify the hierarchical organization of such classes [TSWEB][RDFW3C]:

<rdfs:Class rdf:about=”Book"/>
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<rdfs:Class rdf:about="HardCover">

<rdfs:subClassOf rdf:resource="#Book"/>

</rdfs:Class>

    8.2.3  OIL

The previous section shows that RDFS can be regarded as a very simple
ontology language. However, many types of knowledge cannot be expressed
in this simple language. Just a few examples of useful things we cannot say in
RDFS are:

• stating that every book has exactly one price, but at least one author
(and possibly more);

• stating that titles of books are strings and prices of books are numbers;

• stating that no book can be both hardcover and softcover;   

• stating that every book is either hardcover or softcover (i.e. there is no
other option than these two).

It is clear that a richer language than RDFS is required if we want to be able
to express anything but the most trivial domain models on the Semantic Web.
OIL aims to be such a language. The following have been important design
goals for OIL:   

• maximizing compatibility  with existing W3C standards,  such as XML
and RDF;

• maximizing  partial  interpretability  by  less  semantically  aware
processors;   

• providing modeling primitives that  have proven useful  for  large user
communities;

• maximizing  expressiveness to  enable  modeling  of  a  wide  variety  of
ontologies;

• providing a formal semantics (a mathematically precise description of
the  meaning  of  every  expression)  in  order  to  facilitate  machine
interpretation of that semantics;

• enabling sound, complete and efficient reasoning services, if necessary
by limiting the expressiveness of the language[TSWEB].
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    8.2.4  DAML+OIL

DAML1OIL is the successor  of  OIL,  defined in  collaboration with research
groups  from  the  DARPA  sponsored  DAML[DAML] program,  following  the
original versions of OIL and DAML-ONT.

DAML+OIL is similar to OIL in many respects, but is more tightly integrated
with RDFS, which provides the only specification of the language and its only
serialization. While the dependence on RDFS has some advantages in terms
of the re-use of existing RDFS infrastructure and the portability of DAML+OIL
ontologies, using RDFS to completely define the structure of DAML+OIL is
quite  difficult  as,  unlike  XML,  RDFS  is  not  designed  for  the  precise
specification of syntactic structure. For example, there is no way in RDFS to
state that a restriction (slot constraint) should consist of exactly one property
(slot) and one class. The solution to this problem adopted by DAML+OIL is to
define the semantics of the language in such a way that they give a meaning
to any (parts of) ontologies that conform to the RDFS specification, including
strange  constructs such as slot constraints with multiple slots and classes.
This is made easier by the fact that, unlike OIL, the semantics of DAML+OIL
are directly defined in both a model theoretic and an axiomatic form[TSWEB].

    8.2.5  OWL

Web ontology language  The OWL Web Ontologoy Language is a language
for defining and instantiating Web ontologies. An OWL ontology may include
descriptions  of  classes,  properties  and  their  instances.  Given  such  an
ontology,  the  OWL  formal  semantics  specifies  how  to  derive  its  logical
consequences, i.e. facts not literally present in the ontology, but entailed by
the semantics.  These entailments may be based on a single document or
multiple distributed documents that have been combined using defined OWL
mechanisms.

The OWL ontology is an RDF graph, which is in turn a set of RDF triples. As
with any RDF graph, an OWL ontology graph can be written in many different
syntactic forms. 

As a simple example of an alternative syntactic form resulting in the same
RDF triples, consider the following RDF/XML syntax:

<owl:Class rdf:ID="Continent"/>

The following RDF/XML syntax:

<rdf:Description rdf:about="#Continent">

  <rdf:type rdf:resource="http://www.w3.org/2002/07/owl#Class"/>

</rdf:Description>
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encodes the same set of RDF triples, and therefore would convey the same
meaning.

The  OWL  language  provides  three  increasingly  expressive  sublanguages
designed  for  use  by  specific  communities  of  implementers  and  users
[OWLWEB][OWLGUIDE].

• OWL  Lite supports  those  users  primarily  needing  a  classification
hierarchy and simple constraint features. For example, while OWL Lite
supports cardinality constraints, it only permits cardinality values of 0 or
1. It should be simpler to provide tool support for OWL Lite than its
more  expressive  relatives,  and  provide  a  quick  migration  path  for
thesauri and other taxonomies.

• OWL DL supports those users who want the maximum expressiveness
without  losing  computational  completeness  (all  entailments  are
guaranteed  to  be  computed)  and  decidability  (all  computations  will
finish in finite time) of reasoning systems. OWL DL includes all OWL
language constructs with restrictions such as type separation (a class
can not also be an individual or property, a property can not also be an
individual or class). OWL DL is so named due to its correspondence
with description logics [Description Logics], a field of research that has
studied a particular decidable fragment of  first  order logic.  OWL DL
was  designed  to  support  the  existing  Description  Logic  business
segment  and  has  desirable  computational  properties  for  reasoning
systems.

• OWL Full is meant for users who want maximum expressiveness and
the syntactic freedom of RDF with no computational guarantees. OWL
Full  allows an ontology to  augment  the  meaning  of  the pre-defined
(RDF or OWL) vocabulary. It is unlikely that any reasoning software will
be able to support every feature of OWL Full.
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