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ABSTRACT

ABSTRACT

The Semantic Web, as the foreseen successor of the current Web, is
envisioned to be a semantically enriched information space usable by ma-
chines or agents that perform sophisticated tasks on behalf of their users.
The realisation of the Semantic Web prescribe the development of a com-
prehensive and functional layered architecture for the increasingly semanti-
cally expressive languages that it comprises of. A functional architecture is
a model specified at an appropriate level of abstraction identifying system
components based on required system functionality, whilst a comprehen-
sive architecture is an architecture founded on established design princi-
ples within Software Engineering.

Within this study, an argument is formulated for the development of a
comprehensive and functional layered architecture through the develop-
ment of a Semantic Web status model, the extraction of the function of
established Semantic Web technologies, as well as the development of an
evaluation mechanism for layered architectures compiled from design prin-
ciples as well as fundamental features of layered architectures. In addition,
an initial version of such a comprehensive and functional layered archi-
tecture for the Semantic Web is constructed based on the building blocks
described above, and this architecture is applied to several scenarios to
establish the usefulness thereof.

In conclusion, based on the evidence collected as result of the research
in this study, it is possible to justify the development of an architectural
model, or more specifically, a comprehensive and functional layered archi-
tecture for the languages of the Semantic Web.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

The Web revolutionised the way in which our generation collects, uses and
disseminates information. However, the remarkable adoption and integra-
tion of the Web into society have resulted in several problems for its users,
including aspects such as information overload, discrepancy and trustwor-
thiness.

The information overload experienced by present-day users of the Web
was already prevalent when the paper by Berners-Lee, Hendler and Lassila
[38] containing a vision of the Semantic Web was published in the Scien-
tific American in 2001. In this vision the Semantic Web is portrayed as
an information space usable by sophisticated agents that act on behalf of
their users to solve their information management problems. Thus, the Se-
mantic Web that embodies substantially more computational and reason-
ing power for information management than the present Web, is regarded
as the inevitable successor of the Web.

When the Semantic Web vision was envisaged, several Web technolo-
gies were already accepted as standards or recommendations by the W3C
(World Wide Web Consortium). The protagonists of the Semantic Web vi-
sion foresaw the inclusion of several W3C technologies into the Semantic
Web. In an attempt to depict and order these technologies, Berners-Lee
in particular, presented several versions of a Semantic Web architecture
where these technologies are layered into a so-called stack of increasingly
expressive languages for meta-data specification [28, 31, 34, 35]. These
Semantic Web architecture versions depict either W3C language speci-
fications or functionality on different layers. However, the meaning and
objectives of these versions of the Semantic Web architecture were not
documented and upon scrutiny, it is possible to indicate that the versions
currently proposed, depict inconsistencies and irregularities with regards to
structure and intended meaning. This is argued in Chapter 3 of this thesis.

The purpose, intention and meaning of the currently proposed versions
of the Semantic Web architecture are not clearly described and this gives
rise to confusion and misunderstanding by users and developers who dis-
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cuss, develop or adopt the Semantic Web with its associated technologies.
The confusion is illustrated in literature for example, where several issues
with regards to the layering of the technologies of the Semantic Web are
published [59, 123, 131, 151, 191].

In order to address these problems, the research in this study proposes
the development of a well documented and clear architecture for the Se-
mantic Web that can serve as a framework for debate regarding language
layering and inclusion, as well as technology specifications and implemen-
tations. This study proposes that a well documented and clear architecture
will also be comprehensive and functional. A functional architecture de-
picts system components identified by their specific function within a sys-
tem [18, 196], while a comprehensive architecture is an architecture reflect-
ing design decisions based on established Software Engineering principles
[13, 18].

1.2 MOTIVATION FOR THIS STUDY

Within Software Engineering an architecture is regarded as a model [10].
An architectural model depicts invisible aspects of software systems [155]
such as the structure and design decisions about system composition
[259].

A model is an abstraction of reality [10] and models are regarded as
indispensable for the effective use of any knowledge within the Software
Engineering domain [181]. Apart from conceptualising and categorising
related system aspects, models are essential for successful communica-
tion between stakeholders [10].

The use of models has several advantages within Information System
development, and the list below includes some of the benefits that are ap-
plicable to architectures:

> The abstraction depicted by a model simplifies the domain under dis-
cussion to reflect only the essential components [10].
> The conceptualisation and categorisation depicted by a model cre-
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ates a common framework for discussion [10, 259].

> The conceptualisation of system aspects allows for comprehension
and debate [259].

> A model that serves as a framework assists with development of
specifications [265].

> Models are indispensable for communication between stakeholders
about the invisible aspects of information systems [10, 196].

A Semantic Web architecture as a model would entail inclusion of
the benefits of models into the Semantic Web discussion. According to
Wentzel [259], a successful model should furthermore be useful, intuitive
and predictive. Therefore, the Semantic Web architecture should comply
with these characteristics in order to be regarded as a successful model.

In summation, the motivation for this study is the development of a
comprehensive and functional layered architectural model for the Semantic
Web.

1.3 PROBLEM STATEMENT AND PURPOSE OF
THIS STUDY

The current Semantic Web domain is characterised by the following phe-
nomena:

1.3.1 The technologies of the Semantic Web permeate a com-
prehensive domain

The Semantic Web with its associated technologies permeates various
fields and application domains within ICT (Information and Communica-
tions Technology). In general, it is difficult to assimilate and understand the
impact and role of these technologies within the context of the Semantic
Web, specifically with regard to the proposed versions of the Semantic Web
architecture [28, 31, 34, 35]. Therefore, it is imperative to investigate the
purpose of these technologies, and to determine their function and present

AJ Gerber 6 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



CHAPTER 1: INTRODUCTION

status within the context of the Semantic Web. The documentation of such
an investigation into the Semantic Web technologies provides, amongst
other things, a starting point to assimilate Semantic Web terminology and
associated concepts.

The determination of the function of technologies, specifically as regard
Semantic Web meta-data specification, is a prerequisite for the develop-
ment of a functional Semantic Web architecture.

1.3.2 Evaluation and design criteria for architectures are lack-
ing

Within the Software Engineering specification of a system development
life cycle, several essential artefacts for the successful design and devel-
opment of information systems are specified. One such artefact is a well-
defined functional architecture [13, 18, 105]. In addition to being functional,
such an architecture should also be comprehensive to reflect design deci-
sions according to fundamental Software Engineering design principles.

An architecture is regarded as essential for the successful implemen-
tation of any information system [18], and within literature generally there
is consensus that an architecture at least depicts the structure and organ-
isation of system components [18, 105]. However, authors emphasise dif-
ferent aspects of system development when referring to architectures. At
present, literature offers no universally agreed-upon comprehensive defini-
tion for the term architecture. In addition, there is specifically no agreed-
upon definition for the term layered architecture, even though it is a com-
mon best practice tactic used by system architects in system design. Al-
though several design principles and best practises for system design and
architecture development were documented [14], no evaluation mechanism
for architectures and, in particular, layered architectures, could be found in
literature. In order to achieve the development of a comprehensive and
functional layered architecture for the Semantic Web, a mechanism for its
evaluation is required. Such a mechanism would require the establishment
of design and evaluation criteria for layered architectures.
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Within Software Engineering, current research - which includes archi-
tectural discussions - focuses mainly on the role of an architecture as a
design artefact within the system development life cycle [18, 24, 105, 193].
The research in this study contributes to the Software Engineering disci-
pline in that it proposes, amongst other things, an evaluation mechanism
for layered architectures.

1.3.3 A comprehensive and functional layered architecture for
the Semantic Web is required

Tim Berners-Lee presented several versions of a layered architecture for
the Semantic Web as an attempt to organise the existing W3C Seman-
tic Web technologies and identified functionalities for meta-data languages
[28, 31, 34, 35]. However, the meaning of these versions of the archi-
tecture has not been defined. It is possible to indicate discrepancies and
irregularities within these proposed versions, and the models are therefore
confusing. In addition, several issues regarding layering of the technolo-
gies are still unresolved (this argument is elaborated upon in Chapter 3).

There are a number of W3C initiatives with regard to architecture, for ex-
ample the W3C Architecture Domain and the TAG (Technical Architecture
Group). However, none of the present W3C architectural initiatives focus
on the Semantic Web architecture specifically.

Since the proposed versions of the Semantic Web architecture is not
sufficient to resolve current issues within the Semantic Web application
domain, it is imperative that a comprehensive and functional layered ar-
chitecture for the Semantic Web is developed. Such an architecture is
required by several Semantic Web role-players, including:

> The W3C: One of the purposes of the W3C is the development of Web
specifications, also referred to as W3C Recommendations. The lack
of an agreed-upon and accepted architecture for the Semantic Web
results in obstacles for the specification, acceptance and adoption
of W3C Semantic Web Recommendations, since no predetermined
architectural framework exists.
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>

Semantic Web researchers: Generally current Semantic Web re-
search focuses on specific technological issues with regard to lay-
ering of Semantic Web technologies [100, 191], the knowledge rep-
resentation or ontology function of the Semantic Web, as well as
the integration and combination of multiple and diverse ontologies
[102, 144,153, 157, 185, 262]. Research specifically with regard to a
Semantic Web architecture is lacking, and the specification of an ar-
chitecture should assist with the resolution of several of the academic
debates regarding the Semantic Web.

Semantic Web developers: Developers experience problems to adopt
the Semantic Web with its associated technologies since no standard
architecture is defined.

Therefore, this study addresses a current shortcoming within literature

as well as W3C initiatives with its primary focus the development of a func-
tional and comprehensive Semantic Web layered architecture.

1.3.4 Purpose of the study

The purpose of this study is thus stated to be the development of a compre-

hensive and functional layered architecture for the Semantic Web, where:

>

An architecture is a model that depicts the structure of components
of which a system comprises within a specific context.

A layered architecture is an architecture that organises the system
components or groups of components into successive layers logically
similar and of equal rank. Any layer uses functionality from its lower
layers and isolates these lower layers from layers above.

A functional architecture is an architecture that depicts components
identified by their function within the system, whilst

a comprehensive architecture is an architecture reflecting design de-
cisions based on established Software Engineering principles.
Finally, the Semantic Web is regarded as the inevitable successor of
the present Web, providing an intelligent information space compris-
ing of a layered architecture of increasing semantically expressive
languages for agents to roam and perform sophisticated information
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management tasks on behalf of their users.

1.4 RESEARCH QUESTIONS

The research questions defined for this study support the purpose of
the research as indicated in Section 1.3.4 above. In order to develop
a functional architecture, it is necessary to determine the status and
function of the languages and technologies that comprise the architecture.
In order to develop a comprehensive architecture, it is necessary to
investigate architectural design principles. In conclusion, when using the
existing versions of the Semantic Web layered architecture as departure
point, it is necessary to establish the adaptations required to develop a
singular comprehensive and functional layered architecture. The research
questions are therefore formulated as:

’ \ Research Questions

(1) | What is the function of each technology included in the present

versions of the Semantic Web layered architecture?

> What is the status of the specified technologies within the
present versions of the Semantic Web layered architecture?

(2) | To which criteria should a layered architecture conform in order

to adhere to system design principles?

> Which aspects should be considered when architectures, and
in particular layered architectures, are evaluated?
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(3) | How can the proposed Semantic Web layered architecture be
adapted to be comprehensive and functional, and conform to the
criteria identified for layered architectures?

Table 1.1: Research questions

1.5 SCOPE AND CONTEXT OF THE STUDY

It is not possible to complete a study of this magnitude without stating the
context and limiting the scope. In Section 1.5.1 this study is put into context.
Section 1.5.2 includes a discussion on aspects that are included in this
study, whilst omissions are listed in Section 1.5.3.

1.5.1 Context of the study

The research described in this thesis resides within the Computer Science
and Information Systems discipline, and specifically within the field of Soft-
ware Engineering. This provides the positioning and departure point for
the research argument. Consequently, the research is executed within the
Semantic Web application domain.

This study supports the argument that the Semantic Web is not yet es-
tablished [191] but that recognisable progress has been made towards the
specification and acceptance of technology standards for the management
of the meta-data layer required to realise the Semantic Web [232]. The
W3C [250], supported by the IETF (Internet Engineering Task Force) [137]
plays the leading role with regard to the specification and management of
such standards. This study accepts the authority of the W3C in this domain
and any discussion of the Semantic Web and its supporting technologies
will be done within the context provided by the W3C.
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1.5.2 Scope of the study

This study includes an investigation into existing Semantic Web technolo-
gies, as well as the proposed versions of the Semantic Web architecture
of Berners-Lee [28, 31, 34, 35]. As a point of departure, this investiga-
tion includes the determination of the functionality of existing technologies
within the context of the Semantic Web, as well as the establishment of the
current status and adoption of these technologies.

In addition, the study includes an investigation into system architec-
tures, which includes related aspects such as the development of an ar-
chitecture, the design and evaluation thereof, layering, architecture docu-
mentation, as well as the design and evaluation of layered architectures.

In particular, the study is aimed at the development of a comprehensive
and functional layered architecture for the Semantic Web. Therefore, the
study includes discussions on aspects related to the adoption of functional
architectures, and the benefits that the adoption of a layered architecture
will have in the application domain of the Semantic Web.

1.5.3 Limitations of scope

The following aspects are not dealt with in this study:

> Any discussion about the advantages and/or disadvantages of spe-
cific Semantic Web technologies,

> Resolution of the layering debate with regard to technologies of the
Semantic Web,

> Aspects pertaining to ontology engineering,

> Aspects pertaining to Semantic Web technology implementation,

> The unresolved reasoning and rules issues concerning the Semantic
Web logical framework; and

> Software agents that are envisioned to be the users of the Semantic
Web.
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1.6 RATIONALE BEHIND THIS STUDY

The rationale behind this study is discussed from a national and scientific
perspective.

1.6.1 National rationale

The South African government identified research and development, par-
ticularly in the field of Science, as one of the national priorities in South
Africa. This lead to the establishment of the DST (Department of Science
and Technology) [78, 94, 95]. In addition, ICT was identified as one of
the compulsory research and development priorities in order to assist with
growth in Southern Africa [94]. To support ICT initiatives, the Meraka Insti-
tute, operating under the auspices of the South African CSIR (Council for
Scientific and Industrial Research), was formed.

The Meraka Institute derives its mandate as a national strate-
gic initiative from President Mbeki’s 2002 State of the Nation
Address. The major objective of the Meraka Institute is to fa-
cilitate national economic and social development through hu-
man capital development and needs-based research and inno-
vation, leading to products and services based on Information
and Communication Technology [164].

Key strategic areas identified within ICT include affordable broadband
connectivity as well as access to the Internet and Web. In addition, re-
search and development in Web technologies are regarded as important
activities and constitute building blocks for the implementation of national
priorities [94, 164].

The Semantic Web is regarded as the inevitable successor of the Web,
and research in the Semantic Web domain with its associated technologies
thus supports the South African national priorities. In addition, the Seman-
tic Web with its technologies might assist with the effective adoption and
use of the Web in such a technologically neglected society as South Africa,
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especially since the envisioned Semantic Web will assist with sophisticated
initial information management tasks on behalf of its users.

1.6.2 Scientific rationale

The scientific rationale refers to current limitations of the theory that could
be addressed by this study. At present, no comprehensive and functional
layered architecture for the Semantic Web has been proposed. However, it
is noteworthy that the W3C developed several Web technology specifica-
tions and released it as W3C Recommendations. It is foreseen that several
of these technology specifications will be incorporated into the eventual Se-
mantic Web. In an attempt to organise these technologies and to stimulate
discussion about the Semantic Web, Berners-Lee presented several pro-
posed versions of a Semantic Web architecture [28, 31, 34, 35]. These
architectural models depict either technologies or functionalities in an ad
hoc manner in different layers and it is possible to identify irregularities and
inconsistencies in their layered structure.

The adoption of the Semantic Web, as well as its integration into the
Web community prescribes a generally agreed-upon comprehensive and
functional layered architecture for the Semantic Web. Such an architecture:

> is an architectural model that should assist with communication and
the resolution of debate about the Semantic Web and its associated
technologies,

> is an architectural model based on fundamental principles of software
design and should therefore aid with Semantic Web design decisions
according to these principles,

> is a framework that aids the development of Semantic Web standards
for data interoperability in a way similar to the ISO/OSI (International
Organisation for Standardisation / Open Systems Interconnect) lay-
ered architecture that assisted with the development of protocol stan-
dards for network interoperability; and

> is @ mechanism that allows for one of its layers to be instantiated by
more than one technology in the same way the ISO/OSI architecture
assisted with the specification of several protocols developed and re-
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siding in the same layer, thus allowing for inclusiveness of diverse
technologies with the same functionality.

The Semantic Web, as the next-generation Web, is necessitated by the
information overload and its related problems experienced by Web users
and developers. Given the indispensable role any architecture plays in
the development of information systems, it is plausible to speculate that a
comprehensive and functional layered architecture for the Semantic Web
is a prerequisite for its successful development.

1.7 RESEARCH METHOD

Research was done by way of a qualitative study using qualitative data
such as documents for the logic and conclusion of an argument [168]. The
epistemological stance of the study is identified to be interpretevist since
qualitative data is analysed and interpreted in order to obtain the research
results [57, 168, 174, 227].

1.8 RESEARCH APPROACH

A research approach defines the processes that are executed during the
research. Applied research, where artefacts are built and tested, is gen-
erally the preferred methodology within Computer Science and Information
Systems research. Applied research is classified as either empirical or
non-empirical, and is expanded to describe several research approaches.
These research approaches include theory-building or model-building stud-
ies and methodological studies relevant to the research described in this
thesis [172].

A model-building study is applicable to answer Research Questions 1
and 3 concerned with the status and function of the Semantic Web tech-
nologies, as well as the development of a comprehensive and functional
Semantic Web layered architecture. A methodological study is applicable
to the research activities related to Question 2 concerned with the devel-
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opment of an evaluation mechanism for layered architectures.

When performing qualitative research, qualitative data analysis activi-
ties are applicable. Miles and Huberman [168] define qualitative data anal-
ysis as consisting of three concurrent flows of activity namely data reduc-
tion, data display and conclusion drawing and verification. Data reduction
is defined as the process of selecting, focusing, simplifying, abstracting,
and transforming the qualitative data. Data display aim to assemble or-
ganised information into accessible, compact form in order to draw justified
conclusions. During conclusion drawing and verification a researcher de-
cides what the data mean.

The qualitative data used for the research described in this thesis are
documents obtained from formal academic sources, supplemented with
publications from verified, informal sources such as dedicated Web sites,
as well as insights gained from experience and best practice descriptions.
The data set saturation technique was used to ensure completeness of the
data set [194].

The qualitative data analysis activities were integrated into the identified
applicable research approaches as indicated in Table 1.2.

Methodological study

Model-building study

Data reduction

Collection of architectural re-
lated publications until data-
set saturation was achieved.

Collection of Semantic Web
and related publications un-
til data set saturation was
achieved.

Data display

Determination of the criteria
list for layered architectures.

Determination of function
and status of specific Se-
mantic Web technologies
as well as the layers of the

layered architecture.
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thereof using an accepted
and established existing lay-
ered architecture.

Conclusion Establishing an evaluation | The compilation of a Seman-
drawing and mechanism for layered archi- | tic Web status model.
verification tectures and the calibration | The adaption of the pro-

posed Semantic Web lay-
ered architecture and its
evaluation and application in

case studies to determine its

usefulness.

Table 1.2: Research design

1.9 PUBLICATIONS RESULTING FROM THE STUDY

The following peer-reviewed publications were generated as result of the
research described in this thesis:

1. GERBER A.J., BARNARD A. AND VAN DER MERWE A.J., Design and
Evaluation Criteria for Layered Architectures. In Proceedings of
the MSVVEIS Workshop hosted at the 8th International Conference
on Enterprise Information Systems, Paphos, Cyprus, (May 2006).
ISBN 972-8865-49-8, pp. 163-172. [107]

2. GERBER A.J., BARNARD A. AND VAN DER MERWE A.J., A Semantic
Web Status Model. In Proceedings of the 9th World Conference
on Integrated Design & Process Technology, San Diego, California.
IEEE (Jun 2006). ISSN 1090-9389. [108].

3. GERBER A.J., VAN DER MERWE A.J. AND BARNARD A., Towards
a Semantic Web Layered Architecture. In Proceedings of the In-
ternational Conference on Software Engineering (IASTED SE2007),
Innsbruck, Austria, (February 2007). ISBN: 978-0-88986-641-6, pp.
353-362 [110].

The following technical report was generated as a result of the investi-
gation into Semantic Web technologies, and is included as an appendix in
this thesis:

1. GERBER A.J., BARNARD A. AND VAN DER MERWE A.J., Semantic
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Web Technologies. Tech. Rep. UNISA-TR-2006-02, UNISA (Uni-
versity of South Africa), (2006). [109].

1.10 OUTLINE OF THE STUDY

In order to answer the identified research questions and to perform the
research investigations, this study is divided into four parts comprising ten
chapters.

In Chapter 1, this chapter, an introduction to this thesis and the research
questions, as well as a brief summary of other aspects related to this study,
is presented. In the remainder of this section, the different parts of the
thesis with their associated chapters are discussed.

1.10.1 Part I: Theoretical framework

Part | comprises the theoretical framework and therefore the theoretical
underpinning of the study, and includes Chapters 2 and 3. The inclusion
of Appendix A is optional since it contains a discussion of Semantic Web
technologies.

In Chapter 2 the Semantic Web and its background and history, as well
as other related aspects such as the current adoption status of the Seman-
tic Web, are discussed. In Chapter 3 the different versions of the presently
proposed Semantic Web architecture, as well as current initiatives of the
W3C with regard to architecture, are investigated. In addition, the presently
proposed versions of the Semantic Web layered architecture are scruti-
nised in order to support the research problem statement of the thesis.

1.10.2 Part ll: Research design and execution

Part Il includes the chapters contributing towards the research design and
its execution. Part Il comprises Chapters 4, 5, 6 and 7.

In Chapter 4, the research plan, approach and design are presented.
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Within this chapter, the discussion specifically addresses aspects pertain-
ing to the processes and data analysis activities required to perform the re-
search dictated by the identified research questions. The execution of the
research plan results in the research execution as documented in Chapters
5,6and 7.

In Chapter 5, the status and function of the Semantic Web technolo-
gies are investigated. The findings of this investigation is presented in a
Semantic Web status model.

In Chapter 6 an evaluation mechanism, consisting of a criteria matrix for
layered architectures, is developed. The research discussed in this chap-
ter commences with an investigation into layered architectures, as well as
architectures in general. From this investigation the criteria for the evalu-
ation of layered architectures are extracted and an evaluation mechanism
for layered architectures is compiled.

In Chapter 7 the existing versions of the layered architecture of the Se-
mantic Web are evaluated using the established evaluation mechanism for
layered architectures. In addition, an adapted and newly proposed archi-
tecture referred to as the CFL architecture (Comprehensive, Functional and
Layered) is developed. The CFL architecture for the Semantic Web is de-
veloped by using the Semantic Web status model, the evaluation mecha-
nism for layered architectures as well as additional identified design princi-
ples.

1.10.3 Part lll: Evidence and discussion

Part Ill comprises Chapter 8. In Chapter 8 the proposed CFL architecture
for the Semantic Web is applied to four case studies in order to establish
the usefulness and validity of the architecture.

1.10.4 Part IV: Contribution and conclusion

Part IV comprises Chapters 9 and 10, and summarises the research contri-
bution, places it within the context of the Computer Science and Information
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Systems discipline and concludes the study. In Chapter 9, a summary of
the research results of the thesis with reference to the research questions
is provided and the specific contributions of the research to the scientific
knowledge base are presented. In Chapter 10 the thesis is concluded with
a discussion that includes aspects such as methodological reflections and
recommendations.

Chapter 1
Introduction
|
Part | + Interested in
Theoretical Chapter 2 technology
Framework The Semantic Web ['~_ detair
chz: . Appendix A
er Semantic Weh
Semantic Web - .
Technologies
Architecture r g
||
Part Il ‘l‘
Research Design Chapter 4
and Research Plan
Implementation / 3
i hapter 5 Chapter ¥
Semantic Web .| Towards a Functional, | ES;T&:};
Status and Layered Architecture |™ Mechanism
Function for the Semantic Weh
|
Part Il ki
Evidence Chapter 8
and Architecture Application
Discussion
Part 1Y
) ) Chapter 9
Contribution Contribution
and
Conclusion Y
Chapter 10
Conclusion

Figure 1.1: Thesis Chapter Layout

The structure of the study is graphically depicted as the thesis chapter
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layout in Figure 1.1. The thesis layout is repeated throughout the thesis at
the start of each chapter to assist the reader with orientation.

1.11 CONCLUSION

This chapter served as an introduction to this thesis. In particular it included
a discussion of the background, the problem statement relating to and the
purpose of the study. In addition, the research questions were proposed.
Consequently, the rationale and scope of the study, potential contribution,
research design, as well as a list of the research publications generated as
result of the research contained in this thesis, were presented. In conclu-
sion, a graphical representation of the thesis layout depicting the layout for
the remainder of this thesis was presented.
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2.1 INTRODUCTION

The application domain for this study is the Semantic Web. The purpose of
this chapter is to provide an introduction to the Semantic Web by address-
ing topics such as the history of the Semantic Web, the way the Semantic
Web is defined and why the Semantic Web is important, both for present-
day information systems and those of the future.

Semantic Web aspects addressed in this chapter include:

> Where did the Semantic Web originate?

> What is the Semantic Web?

> Why is the Semantic Web relevant?

> What is the current status of the Semantic Web?

> What is the current adoption status of the Semantic Web?

> What is the role of the W3C with regard to the Semantic Web?

In order to address these questions, the chapter commences with a
discussion of the history of the Internet, World Wide Web (or Web for short)
and Semantic Web in Section 2.2. Section 2.3 provides an overview of the
Semantic Web as well as several definitions that serves as illustration of the
diversity of technologies and applications embraced by the Semantic Web.
This section also includes a definition for the Semantic Web compiled by
making use of these existing definitions. For the purpose of this thesis, the
definition for the Semantic Web as contained in Section 2.3.1, is adopted.
The importance of the Semantic Web within current information systems is
discussed in Section 2.4 by developing and discussing a behavioural model
as well as a model for data exchange in information systems. Section 2.5 is
devoted to a discussion of the status of the Semantic Web and the adoption
of the Semantic Web within information systems.

The organisation that plays the most significant role towards the devel-
opment of the Web and Semantic Web, is the W3C. An overview of the
role and work of the W3C with regard to the Semantic Web is presented in
Section 2.6. This chapter is concluded in Section 2.7.
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2.2 HISTORY OF THE INTERNET, WEB AND SE-
MANTIC WEB

Research on packet switching at MIT (Massachusetts Institute of Technol-
ogy) [170] and DARPA (Defence Advanced Research Projects Agency)’
[80] in the early ’70s is generally regarded as the inception of the Internet
[118]. As a forerunner of the Internet, the initial successful demonstra-
tion of the ARPANET (Advanced Research Projects Agency Network) at
the ICCC (International Computer Communication Conference) in October
1972 was presented in Washington [135, 162]. The ARPANET is generally
regarded as the forerunner of the Internet. Established in 1969, ARPANET
served as a test bed for new networking technologies, linking universities
and research centres. The first two nodes that constituted the ARPANET
were UCLA (University of California, Los Angeles) and the Stanford Re-
search Institute, followed shortly thereafter by the University of Utah. Since
this early demonstration the Internet and the Web evolved to become one
of the primary communication mediums in the world today.

The Internet, together with various Web technologies, forms a
widespread information infrastructure that is used by people across the
world. The Web is considered an indispensable environment for any in-
formation or information technology worker, both to access or to publish
information. According to latest survey of Lyman and Varian [152], it is
estimated that 600 million people around the world have access to the In-
ternet, and that by 2002 the Web contained approximately 170 terabytes
of information on its surface [152, 189]. Surface information is web pages,
generally available as .html-files (Hypertext Markup Language files). This
does not include dynamic pages generated from databases or other sys-
tems. The information in 2002 on the Internet amounted to 532,897 ter-
abytes, while print, film, magnetic, and optical storage media produced
about 5 exabytes? [152]. Information flows through electronic channels

'DARPA is the central research and development organisation for the United States

Department of Defence.
2|f digitised with full formatting, the 17,000,000 books in the Library of Congress contain

about 136 terabytes of information; five exabytes of information is equivalent in size to
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(telephone, radio, TV, and the Internet) in 2002 amounted to almost 18
exabytes of information. During the same period, instant messaging gen-
erated 274 terabytes, and e-mail about 400,000 terabytes of information on
the Internet [152].

In addition the Web is growing at an exponential rate as Web information
is published on a daily base throughout the world, and the Web is regarded
as the most popular information source and distribution medium available
at present. It is plausible to state that, since its inception, the Internet
and the associated Web technologies revolutionised the way in which our
society generates, disseminates, accesses and uses information.

Berners-Lee [26] describes the difference between the Internet (he uses
the form ’Net’), and the Web as follows:

The Web is an abstract (imaginary) space of information. On
the Net, you find computers — on the Web, you find document
[sic], sounds, videos,.... information. On the Net, the connec-
tions are cables between computers; on the Web, connections
are hypertext links. The Web exists because of programs [sic]
which communicate between computers on the Net. The Web
could not be without the Net. The Web made the Net useful
because people are really interested in information (not to men-
tion knowledge and wisdom!) and don’t really want to have [sic]
know about computers and cables.

The Internet was originally designed as an information space usable by
both humans and machines [27]. However, the current Web is a publishing
mechanism for information targeted mainly at human users.

As discussed, the popularity of the Web as a dissemination mecha-
nism for human information resulted in its exponential growth [152, 191].
A consequence of this popularity is an overload of information available on
almost any conceivable topic. This overload creates several new problems
for users. For example, it is increasingly difficult to find applicable informa-

the information contained in 37,000 new libraries the size of the Library of Congress book
collections.
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tion or to verify the origin of information. In addition, it is difficult to verify
that the information, or even the source of the information, is trustworthy
[100, 157, 191].

In 2001, Berners-Lee, Hendler and Lassila [38] presented a vision of a
Web that is an information space usable by, in particular, machines, thus
coining the term Semantic Web for this envisioned Web. Instead of at-
tempting to process and manipulate Web information, a user would have a
personal software agent on his/her computer that would solve problems re-
lated to information overload, acquisition and discrepancy resolution [84].
The agent would execute the first level of information management and the
user would only access or manipulate results.

The Semantic Web is at the time of writing mainly an international re-
search effort with the goal to make Web content available for intelligent
knowledge processing [59, 68, 83, 93, 98, 113, 156, 169, 179, 184, 204,
226]. The concept of the Semantic Web captured the imagination of Web
users, as well as the interest of academia and industry even though several
technological issues still have to be resolved.

2.3 WHAT IS THE SEMANTIC WEB?

As briefly discussed in the previous section, the Semantic Web is the name
used to encapsulate the 2001 vision presented by Berners-Lee et al. [38]
of a new Web as an information space usable by machines rather than
humans. Web researchers realised that the rapid adoption of the Web and
the associated information overload would necessitate alternative solutions
and technologies where autonomous programs or machines assist humans
to manage the information available on the Internet.

Several definitions and descriptions of the Semantic Web were pub-
lished since its inception as practitioners and researchers adopted the no-
tion of a Web semantically enriched [145]. Some of these definitions are
provided below in order to highlight the diversity thereof. The list is by no
means exhaustive.
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Berners-Lee [27] originally described the Semantic Web as a mecha-
nism that fulfils the goal of the original Web that was designed as an infor-
mation space that is useful, not only for human-human communication, but
also for machines that would be able to participate and help their users.
The information available on the current Web is mostly designed for use by
humans, even if this use is sometimes derived by means of a database with
well-defined meanings and structure. Hence the available Web information
is mostly not machine processable. In addition, Berners-Lee portrays the
Semantic Web as an approach to develop languages for expressing infor-
mation in a machine processable form so that migration is possible from the
Web of today to a Web in which machine reasoning will be ubiquitous and
devastatingly powerful. In addition, Berners-Lee describes the Semantic
Web as a Web of data, similar to a global database [27].

Decker, Melnik, Van Harmelen, Fensel, Klein et al. [84] discuss the
increased semantic interoperability that will be provided by the Semantic
Web and that will enable intelligent services such as information brokers,
search agents and information filters to execute complex tasks on behalf of
their users.

Cherry [68] speculates means by which the Semantic Web makes the
Web more homogeneous, more data-like and more amenable to computer
understanding.

Grau [113] describes the Semantic Web as an extension of the World
Wide Web in which both data and its semantic definition can be processed
by computer programs. This author hypothesises that the next generation
Web combines existing Web technologies with knowledge representation
formalisms in order to provide an infrastructure allowing data to be pro-
cessed, discovered and filtered more effectively. He portrays the Semantic
Web as a set of languages organised as a layered architecture that al-
lows users and applications to create and share information in a machine-
readable manner.

Guha, McCool and Fikes [116] portray the central theme of the Seman-
tic Web as software programs that are able to aggregate data easily from
different sources, even though subtle differences in the meaning of the data
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may exist.

Kalfoglou, Alani, Schorlemmer and Walton [145] identify semantics as
the differentiating factor between the Web and the Semantic Web, and
these semantics are provided by the W3C language specifications. In ad-
dition, the power of the Semantic Web will be realised when such software
programs, also referred to as agents, collect Web content from diverse
sources, process the information and exchange the results with other pro-
grams on behalf of its users. These software agents will become increas-
ingly effective as more machine-readable Web content and automated ser-
vices become available.

Baldoni, Baroglio and Henze [16] portrays the Semantic Web as a
mechanism for content-aware navigation across different available re-
sources in such a way that it is possible to identify those resources that
best satisfy the user’s requests. In addition, the Semantic Web is not seen
only as an information provider but also as a service provider for sharing
resources and services.

And recently, Berners-Lee [35] defined the Semantic Web as:

> a mechanism to assist with data interoperability across applications
and organisations,

> a set of interoperable standards for knowledge exchange; and

> an architecture for interconnected communities and vocabularies.

From these different descriptions it is clear that there is a shift from a
futuristic new Web with machine processable information, to more tangible
portrayals such as a set or architecture of standards and a mechanism for
data interoperability. In the most recent definition by Berners-Lee [35] the
word 'Web’ is not mentioned. It is plausible to speculate that this definition
implies that the Semantic Web vision and the associated technologies have
matured into more definitive concepts and applications. However, in an
attempt to describe the Semantic Web, it is essential that the futuristic goals
of the original vision should not be lost.
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2.3.1 Semantic Web definition

From the definitions and discussions in the previous section, a definition for
the Semantic Web for use in this thesis, is extracted.

The Semantic Web is -

1. a Web enriched with semantic meta-data that enables agents to exe-
cute complex information management tasks on behalf of its users,

2. a mechanism that contributes towards data, information and knowl-
edge exchange and integration across communities and applications;
and

3. a comprehensive architecture of meta-data language functionality
that can be instantiated with different technology standards and spec-
ifications.

In (1) above, the founding vision of Berners-Lee, Hendler and Lassila
[38] is acknowledged. In addition, it captures the departure point as well
as the eventual goal of the Semantic Web endeavour.

In (2) the recent description of the Semantic Web by Berners-Lee [35]
that focuses more on the present tangible applications of the Semantic
Web, is acknowledged. With this second definition statement an attempt is
made to capture the contemporary challenges with regard to the informa-
tion in information systems, as well as the way the Semantic Web with its
associated technologies is applied to solve present problems. The different
technology solutions developed by Semantic Web researchers and practi-
tioners (discussed in Chapters 3 and Appendix A), can assist on several
levels with the challenges of data, information and knowledge exchange
and integration.

In (3) the notion posed by Berners-Lee [35] that the Semantic Web is an
architecture for interconnected communities and vocabularies is acknowl-
edged and expanded. With this definition statement an attempt is made
to capture the architectural structure of the Semantic Web. This definition
supports the contribution of this thesis that develops a comprehensive and
functional layered architecture for the Semantic Web. Such an architecture
is essential and indispensable, and should be based on the fundamental
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principles of architecture design in the Information Systems domain.

Software agents are often mentioned in connection with the Semantic
Web [38, 66]. These agents are referred to as intelligent programs or the
machine processors of an intelligent Semantic Web. In all cases, they
are depicted as the eventual users of the Semantic Web. It is foreseen
that agents will roam the Semantic Web, reason and make decisions on
behalf of their users. This thesis excludes software agent technology from
its scope as it is primarily concerned with the proposal of an architecture
required to establish the meta-data functionality required for such agents
to operate and function.

2.4 THE SIGNIFICANCE OF THE SEMANTIC WEB
WITH ITS ASSOCIATED TECHNOLOGIES FOR
MODERN INFORMATION SYSTEMS

In this section an argument is formulated that the Semantic Web is not only
a futuristic vision, but is already prevalent in modern information systems.
Semantic Web technologies could be significant for intelligent information
management across diverse information sources as discussed in Section
2.4.1. In addition, modern Web applications require data exchange at dif-
ferent semantic levels. The Semantic Web with its associated technologies
is already prevalent in these systems as will be discussed in Section 2.4.2.

2.4.1 The evolution of information systems

In this section the evolution in the behaviour of Information Systems is dis-
cussed. In addition, the discussion speculates on the role Semantic Web
technologies could play towards integration across the heterogeneous in-
formation sources.

Figure 2.1 presents a model of an information system, which argues
that an information system is not tangible. Any information system is only
visible as a result of its behaviour. This behaviour can be detected in three
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areas: (1) the interface the system displays towards targeted users, (2)
the impact the system has on the data with which it interacts, and (3) the
physical behaviour the system depicts when it consumes system resources
during execution (such as memory or processing capacity).

Information Systems

\

20BJIIU]
di:g |

Physical

Figure 2.1: Information systems behaviour is detected in three areas:
user interface, data manipulation and physical resource con-
sumption.

On the physical dimension, modern information systems generally con-
sume all the memory and processing power that is available from the hard-
ware platform [196]. As systems evolve, they require resources and gen-
erally consume the resources that can be spared by the hardware plat-
form. Therefore, when information system evolution is discussed, physical
behaviour is summarised as consuming the resources available from the
platform and physical behaviour depicted at the bottom of Figure 2.1 is
hence omitted from Figure 2.2.

However, interface and data behaviour evolved by means of the inclu-
sion of additional functionality and separation layers. In Figure 2.2, the
model of an information system as presented in Figure 2.1 is expanded by
means of three scenarios to depict an overview of the evolution of informa-
tion systems with regard to interface and data behaviour.

Scenario 1 of Figure 2.2 depicts the original information system as de-
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veloped by pioneers of programming such as Parnas and Dijkstra [89, 187].
In these types of information systems, data was usually integrated with the
system, hard coded as part of the system, or the system used some kind
of proprietary data storage mechanism. Interfaces were dedicated, simple,
usually specialised towards the application and seldom even discussed.
These information systems were often implemented to solve complex al-
gorithms for dedicated applications.

Scenario 2 of Figure 2.2 presents the emergence of GUIs (Graphical
User Interfaces) as the interface to information system functionality. These
interfaces were standardised and included the specification of common
mechanisms for access to object functionality such as Windows and File
Systems. An example of such a mechanism is the closing of an interface
Window with a click on the button with the cross in the top-right corner
[173]. With regard to data behaviour, information systems evolved to incor-
porate databases. In these systems, the data is not integrated to be part of
the system anymore, but it is separated from the system into a dedicated
management environment such as an RDBMS (Relational Database Man-
agement System) [67]. Generally, access to both the GUI mechanisms
and the databases was defined through standard interface specifications,
which implies that other systems, for instance, can access the data in the
database via the interface specification. An example of such an inter-
face specification is the ODBC (Open Database Connectivity) specification
[1086].

Scenario 3 depicts modern information system behaviour. Standard-
ised GUIs or other graphical interfaces are the norm, but various appli-
cations with multi-modal or ubiquitous computing interface requirements
emerge. This is in part due to the prolific acceptance of cellular and mobile
devices into society [149]. In addition, database systems are common-
place and because of the growth of the Web, diverse data sources such as
HTML (Hypertext Markup Language) and XML (Extensible Markup Lan-
guage) documents are used for data storage and retrieval. In addition,
the emergence of service-base computing because of the interconnectivity
provided by the Internet comes to the fore. These three sources of data
are depicted on the right-hand side of Scenario 3 in Figure 2.2.
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Figure 2.2: The evolution of information systems.

Such diverse data sources in modern information systems can possi-
bly be integrated with the use of Semantic Web technologies as indicated
by the orange arrow in Figure 2.2. Semantic Web technologies propose
several means to integrate intelligently across diverse data sources. In ad-
dition, the Semantic Web can be applied to fulfil integration requirements at
different semantic levels of data. More specifically, the different Semantic
Web technologies can be used to integrate data, information or knowledge.
The second definition statement of the Semantic Web definition of Section
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2.3.1 on page 33 describes the Semantic Web as a mechanism that con-
tributes towards data, information and knowledge exchange and integra-
tion across communities and applications. In order to expand this notion, it
is necessary to distinguish between data, information and knowledge.

2.4.2 Data, information and knowledge exchange
2.4.2.1 Data, information and knowledge

Data is defined as structured or unstructured facts or symbols without any
relations [23]. Data often occurs in the form of facts or figures obtained
from experiments and stored in the form of numbers, text, images, and
sounds suitable for processing [183].

Information is defined as interpreted data [9] or data that has been given
meaning by way of a relational connection such as contained in a relational
database. Information embodies the understanding of a relationship of
some sort, possibly cause and effect such as the temperature dropped 15
degrees and the water froze [23]. Information is therefore definite data and
facts acquired or supplied about something or somebody such as computer
data that has been organised and presented in a systematic fashion to
clarify the underlying meaning [183].

Knowledge is the collection of information in such a manner that it is
useful. Knowledge is gained through a deterministic process and it repre-
sents a pattern that connects and generally provides a high level of pre-
dictability as to what is described or what will happen next [23]. Bellinger,
Castro and Mills [23] propose that it would be knowledge to state that the
atmosphere is often unlikely to be able to hold the moisture so it rains if
the humidity is very high and the temperature drops substantially. Knowl-
edge is therefore the general awareness or possession of information,
facts, ideas, truths, or principles regarding a particular subject or situation.
Knowledge is also defined as familiarity or understanding gained through
experience or study [183].

Figure 2.3 (obtained from Bellinger et al. [23]) depicts the increasing
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understanding and connectedness when migrating from data to knowledge
and wisdom.

connectedness vrisdom

i
understanding
principles

knorvledge

/ﬂgmtandhlg
patterns

irformation

understanding
relations

data - uniderstanding

Figure 2.3: Data, information and knowledge [23].

Since the difference between the data exchange levels data, information
and knowledge has been explained, the next section includes a discussion
on how the Semantic Web can be used to facilitate exchange at the various
levels.

2.4.2.2 The Semantic Web as facilitator for data, information and
knowledge exchange

Figure 2.4 depicts three hypothetical applications that use the Semantic
Web layered architecture of Berners-Lee [28] as a mechanism for data,
information and knowledge exchange and integration.

| H

i**-»":'}’m T e
| Data iy
|

=

Digital Signature

Application 1

Unicode Unicode

Figure 2.4: Integration across diverse data sources.
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In Application 1 of Figure 2.4 two systems exchange data serialised with
XML and thus contributes towards data exchange as per the Semantic Web
definition®. RDF (Resource Descriptive Framework) provides a data model
to depict the relations between resources?, and in Application 2 in Figure
2.4 the two systems collaborate on the RDF level. These systems there-
fore exchange information. Application 3 operates on the ontology level.
Ontologies capture the semantics of data or information and application 3
therefore exchanges knowledge.

The Semantic Web could thus assist with exchange of data, information
and knowledge depending on the semantic requirements of the application
by making use of various Semantic Web technologies.

2.4.3 Concluding remarks

In this section, mechanisms for the integration of the Semantic Web and
its associated technologies in information systems were discussed. The
Semantic Web is not only a futuristic vision as presented by Berners-Lee
et al. [38], but in modern information systems the technologies can be used
when any two systems exchange data, information or knowledge. As ex-
ample, given the discussion about data exchange, the exchange of XML
data that is commonplace in current Web system implementations, can be
regarded as a simplistic Semantic Web implementation. In addition, certain
Semantic Web technologies are thus already integrated to some extent into
certain present-day information systems through the adoption of its tech-
nologies. It would benefit system developers to take cognisance of a Se-
mantic Web architecture as it would assist with the adoption of additional
technologies for intelligent information integration in modern information
systems.

3(Refer to Section A.4 for a discussion of XML and XML Schema)
*(Refer to Section A.5 for a discussion of RDF and RDF Schema)
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2.5 THE ADOPTION STATUS OF THE SEMANTIC
WEB

The main aim of the Semantic Web is to extend the current human-
readable Web in order to accommodate machine-processability [27]. This
is done by encoding some of the semantics of resources using specified
formalisms. Moving beyond syntax will allow more advanced applications
and functionality to reside on the Web [68, 84].

Through mainly the endeavours of the W3C, the core technological
building blocks are seen to be in place and available [167]. With the final
acceptance of RDF and OWL (Web Ontology Language) as W3C Recom-
mendations in February 2004, the W3C announced that the Semantic Web
emerged as commercial-grade infrastructure for sharing data on the Web
[244]. Before the release of these two technologies, the Semantic Web
was regarded mainly as a research effort, moreover, an active effort.

The Semantic Web is an active discussion, research and development
topic at present. An indication of this interest by researchers may be pre-
sented by conducting a search on Google Scholar [112] for 'Semantic
Web’, which returned approximately 204,000 hits. Google Scholar pro-
vides a search engine for scholarly literature. This is noteworthy since the
vision of the Semantic Web was only conceptualised in 2000. A search
on Google [111] for 'Semantic Web’ returned 32,500,000 hits. This result
indicates that there is a substantial general interest in the Semantic Web
as well.

In addition to Web publications, several noteworthy dedicated confer-
ences address the Semantic Web. The fifth International Semantic Web
Conference (ISWCO06) [141], as well as the third European Semantic Web
Conference (ESWCO06) [97] were held in 2006. The WWW2006 introduced
a refereed Semantic Web track [260], SemTech2006 was the second Se-
mantic Web Technology Conference [207], and the SWWS’06 (Semantic
Web and Web Services 2006) international conference was held simul-
taneously with WORLDCOMP’06, which is considered one of the largest
annual gatherings of computer scientists [219]. The growth in both the
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number of recent dedicated Semantic Web conferences and attendance of
these serve as an indication of academic interest.

It is plausible to state that, far from being just an academic research
initiative, the Semantic Web has captured the interest and imagination of
a significant number of Web users. Even though there is a substantial
interest in the Semantic Web as indicated in the previous discussion, it
is necessary to investigate the actual adoption of related Semantic Web
technologies to determine the current status of the Semantic Web.

The adoption of Semantic Web technologies is diverse. Recent ex-
amples include SAWA (a Situation Awareness Assistant), described by
Matheus, Kokar, Baclawski and Letkowski [154]. SAWA is based on Se-
mantic Web technologies that facilitate the development of user-defined do-
main knowledge in the form of formal ontologies and rule sets that permits
the application of relevant domain knowledge to the monitoring of relevant
relations as they occur insitu. In another example, Oberle, Staab, Studer
and Volz [180] developed an infrastructure that facilitates plug’n’play engi-
neering of ontology-based modules and thus, the development and main-
tenance of comprehensive Semantic Web applications.

In order to support the development of Semantic Web applications, the
Semantic Web Challenge [206] was initiated in 2003. The Challenge is
regarded as a showcase of the most significant Semantic Web technology
adoptions. The Challenge offers participants the opportunity to present
relevant and significant Semantic Web applications. The following quote
from the Semantic Web Challenge suffices [167]:

The overall objective of the challenge is to apply Semantic Web
techniques in building online end-user applications that inte-
grate, combine and deduce information needed to assist users
in performing tasks. Intentionally, the challenge does not de-
fine specific task, data set, application domain or technology
to be used because the potential applicability of the Semantic
Web is very broad. Instead, a number of minimal criteria have
been defined which allow people to submit a broad range of
applications. In addition to the criteria, a number of specific de-
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sires have been formulated. The more desires are met by the
application, the higher the score will be. The Semantic Web
Challenge Advisory board also defines an additional goal every
year based on the development of the Challenge.

In order to illustrate the type of applications that have been implemented
for the Challenge using Semantic Web technologies, the definition of a
Semantic Web application for the Challenge is provided. An application
has to meet the following minimal requirements [167]:

> The meaning of data has to play a central role.
> Meaning must be represented using formal descriptions,
> Data must be manipulated/processed to derive useful information;
and
> The semantic information processing has to play a central role in
achieving things that alternative technologies cannot do as well.
> Information sources used by the application should:
> have diverse ownerships (i.e. there is no control of evolution),
> be heterogeneous (syntactically, structurally, and semantically);
and
> contain real world data, i.e.shoule be more than imaginary exam-
ples.
> The application must assume an open world, i.e. it should assume
that the information is never complete.

The winner of Challenge 2003 was CS AKTive Space implemented by
the University of Southampton in the UK [203]. CS AKTive Space is a
Semantic Web application that manages content relating to Computer Sci-
ence research in the UK. The content is distributed and semantically het-
erogeneous. The content is gathered on a continuous basis using a variety
of methods. CS AKTive Space supports the exploration of patterns and
implications inherent in the content and exploits a variety of visualisations
and multi-dimensional representations.

In 2004, the winner was Flink [103] of the Vrije Universiteit Amsterdam
in the Netherlands. Flink is a unique application as it is the result of the ef-
fort of a single Ph.D. student opposed to products of large and well-funded
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EU or DARPA projects. The question Flink intends to answer is whether it
is possible to develop, with minimal effort, an engaging and cutting-edge
Semantic Web application from the different building blocks available as
open source products [166]. Flink integrates the information sources of
the traditional Web (HTML pages) with those of the Semantic Web FOAF
(Friend of a Friend) profiles [167].

In 2005, the Challenge chose CONFOTO as winner [70]. CONFOTO
was implemented by Appmosphere Web Applications in Germany and
uses recent Web as well as Semantic Web technologies to create a brows-
ing and annotation service for conference photos. In CONFOTO, recent
Web trends such as tag-based categorisation, interactive user interfaces
and syndication are combined with Semantic Web platforms and technolo-
gies. In addition, CONFOTO offers tools to annotate and browse pictures.
CONFOTO also includes a tailored photo browser and gallery generator for
pictures [167].

The applications chosen as winners of the different Semantic Web Chal-
lenges are integrated technology demonstrators depicting some maturity
regarding the tools and technologies used. It is therefore plausible to spec-
ulate that, even though the Semantic Web is at present still mainly a re-
search effort, it is on the brink of moving beyond the realm of research.
The emergence of useful applications and technology demonstrators such
as those developed by the contestants of the Semantic Web Challenge will
assist with this progress.

2.6 THE W3C

Any discussion about the Semantic Web should include a description of the
role and initiatives of the W3C. The W3C is dedicated to the futuristic vision
of an interoperable Web that can accommodate the growing diversity of
people, hardware, and software in the world [250]. The mission statement
of the W3C is given as:

To lead the World Wide Web to its full potential by developing
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protocols and guidelines that ensure long-term growth for the
Web [250].

The W3C views the establishment of Web standards and guidelines as
the primary mechanism to pursue its mission. Standards allow accepted
Web technologies to be compatible and to collaborate. The W3C refer
to this as Web interoperability, a fundamental requirement for adoption of
the Web. Since 1994, ninety W3C Recommendations (the W3C terminol-
ogy used to indicate standards) were released by means of an established
collaborative process. The W3C serves as open forum for discussions
about all issues related to the Web and Semantic Web. In addition, the
W3C supports several educational initiatives on the W3C mission, activi-
ties and Recommendations. W3C'’s global initiatives also include continu-
ing liaisons with regional, national and international organisations in order
to foster global participation in the development of the Web and its associ-
ated standards.

W3C operations are supported by a combination of membership dues,
research grants, and other sources of public and private funding. W3C op-
erations are jointly administered by MIT CSAIL (the MIT Computer Science
and Atrtificial Intelligence Laboratory) in the USA, ERCIM (the European
Research Consortium for Informatics and Mathematics) headquartered in
France, as well as Keio University in Japan. W3C also maintains estab-
lished World Offices around the world [250].

The W3C’s work is arranged into domains, consisting of specific activi-
ties. Currently W3C defines four domains: (1) Architecture, (2) Interaction,
(3) Technology and Society, and (4) Web Accessibility Initiative. Within
these domains, there are twenty-three activities and fifty-three groups di-
vided into (1) thirty-five working groups, (2) six coordination groups, and (3)
twelve interest groups. The domains, activities and groups are supported
by the Technical Architecture Group and the Advisory Board [250].

The Semantic Web Activity is part of the Technology and Society Do-
main. This activity focuses on developing enabling technologies, as well
as exploring areas of advanced development to facilitate deployment and
adoption of the Semantic Web [169].
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W3C conducts its work mainly on its Web site® and the site is organised
along three dimensions:

> W3C Activities: Each W3C technology belongs to an Activity, and
each Activity has a home page with links to related specifications,
tutorials, and news.

> W3C Recommendations: The core work of W3C appears in the in-
dex of specifications called technical reports, which are at various
levels of development. Those specifications that passed through the
W3C consensus process are elevated to the status of a W3C Recom-
mendation, which are considered to be Web standards.

> W3C Mailing lists: The W3C Mailing lists are used to foster debate
regarding technology issues between users, technology developers
and implementers. Mailing lists often constitute a helpful platform
that facilitates technical assistance acquisition and exchange.

As stated, the Semantic Web Activity are responsible for the manage-
ment of groups and initiatives concerning the Semantic Web [232]. This
Activity was launched in February 2001. Originally, the Semantic Web Ac-
tivity was chartered to support the RDF and RDF Schema and to advance
both these technology recommendations. In addition, the activity formed a
Web Ontology Working Group in November 2001 that was responsible for
an ontology language, the result of which was OWL.

The following groups are at present charted and part of the Semantic
Web Activity:

> The Semantic Web Coordination Group is tasked to provide a
forum for managing the interrelationships and interdependencies
among groups focusing on standards and technologies that relate to
the goals of the Semantic Web Activity. This group is designed to
coordinate, facilitate and (where possible) to assist with shaping the
efforts of other related groups to avoid duplication of effort and frag-
mentation of the Semantic Web by way of incompatible standards and
technologies.

®W3C maintains more than one million Web pages in the www.w3.org domain plus more
than another million pages of mailing list archives at lists.w3.org
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> The focus of the RDF Data Access Working Group is to evaluate the
requirements for a query language and network protocol for RDF and
already defined formal specifications and test cases for supporting
such requirements.

> The Rules Interchange Working Group is chartered to produce a
core rule language together with extensions that collectively allow
rules to be translated between rule languages, thus facilitating trans-
fer between rule systems.

> The mission of the Gleaning Resource Descriptions from Di-
alects of Languages Working Group is to complement the concrete
RDF/XML syntax with a mechanism to relate other XML syntaxes to
the RDF abstract syntax via transformations identified by URIs (Uni-
form Resource Identifiers).

> The Semantic Web Deployment Working Group aims to provide
guidance in the form of W3C Technical Reports on issues of practical
RDF development and deployment practices in the areas of publish-
ing vocabularies, OWL usage, and integrating RDF with HTML docu-
ments.

> The Semantic Web Interest Group is a forum for W3C members
and non-members to discuss innovative applications of the Semantic
Web. The interest group also initiates discussion on potential future
work items related to enabling technologies that support the Semantic
Web, and the relationship of that work to other activities of W3C and to
the broader social and legal context within which the Web is situated.

> The Semantic Web Health Care and Life Sciences Interest Group
is designed to improve collaboration, research and development, and
innovation adoption in the health care and life science industries. Aid-
ing decision-making in clinical research, Semantic Web technologies
will bridge many forms of biological and medical information across
institutions.

> The Semantic Web Education and Outreach Interest Group
(SWEO) is chartered to collect proof-of-concept business cases,
demonstration prototypes, etc, based on successful implementations
of Semantic Web technologies, to collect user experiences, to de-
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velop and facilitate community outreach strategies, as well as to main-
tain training and educational resources. The goal includes bringing
together leaders in organisations using and/or interested in applying
Semantic Web technologies to the enterprise. The focus of the group
is informational by nature, rather than providing technical specifica-
tions.

Standards that promote the Semantic Web are released through the
W3C and this section provided the reader with a short overview of the
W3C mission, goals and structure. The W3C formally manages Semantic
Web technology specifications and promotes the Semantic Web with its
associated technologies through the various initiatives as listed.

2.7 CONCLUSION

This chapter comprised an overview of the Semantic Web in general, in-
cluding its history, various definitions, present status, adoption status and
the Semantic Web initiatives of the W3C. A detailed discussion of techno-
logical specificities, detail information and status of the different technolo-
gies comprising the Semantic Web is presented in Appendix A.

In addition to the overview, a definition of the Semantic Web for the
purpose of this thesis was compiled. The Semantic Web is:

1. a Web enriched with semantic meta-data that enable agents to exe-
cute complex information management tasks on behalf of their users,

2. a mechanism that contributes towards data, information and knowl-
edge exchange and integration across communities and applications;
and

3. a comprehensive architecture of meta-data language functionality
that can be instantiated with different technology standards and spec-
ifications.

The remainder of this chapter expanded the various points of the defini-
tion, including a discussion on information systems evolution and the differ-
ences between data, information and knowledge. In addition, the current
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interest and adoption of Semantic Web technologies were discussed. The
initiatives of the W3C with regard to the Semantic Web were summarised
in a subsequent section.

In the next chapter, the different versions of the Semantic Web architec-
ture are discussed.
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3.1 INTRODUCTION

The purpose of this study is the development of a comprehensive, func-
tional layered architecture for the Semantic Web. This chapter aims to
provide context for the study by discussing presently proposed versions of
the Semantic Web architecture as well as formal architectural initiatives.
The questions that are of concern in this chapter, are:

> Which versions of a Semantic Web architecture were released?

> What is the adoption status of the Semantic Web architecture?

> Are there architectural initiatives that might have an impact on the
Semantic Web architecture?

Since the publication of the original Semantic Web vision of Berners-
Lee, Hendler and Lassila [38], Berners-Lee proposed several versions of a
Semantic Web architecture that are discussed in Section 3.2 in this chap-
ter. In order to support the research reported on in this study, Section 3.3
reflects on the meaning and structure of these proposed versions of the
Semantic Web architecture.

In addition, in Section 3.4 an investigation is conducted into formal ar-
chitectural initiatives that might address the issues associated with an ar-
chitecture for the Semantic Web. These initiatives include the W3C TAG
(Technical Architecture Group) within the W3C Architecture Domain and
the development of Web architecture strategy as formulated in the W3C
Architecture of the World Wide Web, Volume 1 Recommendation.

As result of the discussions contained in Sections 3.3 and 3.4, Section
3.5 presents an argument supporting the research problem of this thesis,
namely that any discussion or adoption of the Semantic Web or its as-
sociated technologies is precluded by a well-defined, comprehensive and
functional layered architecture for the Semantic Web that is specified in an
unambiguous manner. This chapter is concluded in Section 3.6.
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3.2 SEMANTIC WEB ARCHITECTURE MODELS

Tim Berners-Lee proposed four versions of the Semantic Web architecture
over the past six years. The first version was released in 2000 [28] whilst
the most recent version was released in July 2006 [35]. In these versions
of the Semantic Web architecture, semantic language functionalities and
technologies are layered into an increasingly expressive stack [28, 31, 34,
35]. In Section 3.2.1 an argument is formulated that the proposed Semantic
Web architecture may indeed be considered as an architecture. In addition,
the four proposed versions of the Semantic Web architecture are discussed
in sections 3.2.2 to 3.2.5.

3.2.1 The Semantic Web architecture as architecture

Often some researchers point out that the existing versions of the Seman-
tic Web architecture cannot be described as architectures since Semantic
Web languages or W3C technologies are depicted and that this is not the
nature of an architecture. They argue that the term architecture is gener-
ally used to depict system functionality at different conceptual levels, and
that the proposed versions of the Semantic Web architecture does not de-
pict functionality and should be described as a stack or even layered cake
[6, 123].

In order to respond to this argument, a definition for the term architec-
ture is compiled. There is general consensus in literature that an archi-
tecture at least depicts the structure of a system within a specific context
[18, 105]. This structure should portray the components that a system
comprise of, as well as the relationships between components. System ar-
chitects depicting the organisation of system components often make use
of several identified architectural patterns, one of which is the layered ar-
chitecture [18].

In the context of the languages required for meta-data specification, the
proposed versions of the architecture of Berners-Lee [28, 31, 34, 35] de-
pict the organisation of the language components for the Semantic Web.
The layering of the languages provides the structure. Thus, the general
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definition of an architecture is adhered to. The fact that functionality is not
always depicted on layers within the current versions should be regarded
as an omission. This omission provides one of the motivations for the de-
velopment of a functional architecture for the Semantic Web in this study.

In conclusion of the proposition that the presently proposed Seman-
tic Web layered architecture versions are regarded as architectures, an
example of a similar, widely disseminated architecture is presented. The
ISO/OSI (International Standards Organisation / Open Systems Intercon-
nect) layered architecture specifies the functionality required to define pro-
focols necessary for network interoperability between applications [265].
The Semantic Web layered architecture has purpose similar to that of the
the ISO/OSI layered architecture in that it aims to depict the languages nec-
essary for data interoperability between applications. The ISO/OSI model
is regarded as an architecture, and thus it is proposed that the Semantic
Web model should be regarded in the same way as an architecture for the
purpose of this study.

3.2.2 V1: The first version of the layered architecture

In support of the founding vision of the Semantic Web by Berners-Lee et al.
[38], Berners-Lee introduced a first version of a layered architecture for
the Semantic Web [28]. For the purposes of the discussions in this study,
this will be labelled V1. This version, or the V1 Semantic Web layered
architecture, is depicted in Figure 3.1.

In order to understand what is depicted by this architecture, the cir-
cumstances and status of the technologies at the time of its release are
presented. During the time of the inception of this version of the archi-
tecture, the W3C' initiated the Semantic Web Activity with two working
groups for RDF and an ontology vocabulary respectively?. XML with its as-
sociated Semantic Web technologies (XML Schema and Namespaces)® as
indicated by the V1 architecture, were adopted as recommendations by the

Section 2.6, p.44
2Sections A.5.1, p.316 and A.6.1, p327.
3Section A.4, p.292.
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Figure 3.1: The Semantic Web architecture (V1) proposed by Berners-
Lee in December 2000 [28].

W3C. Similarly, URI as RFC2396 [225]* was adopted in 1998 by the IETF
[137]. In addition, several releases of Unicode Version 3° were released in
2000. For the purpose of this discussion, these W3C technologies will be
classified as established technologies.

In V1 in Figure 3.1, Berners-Lee [28] depicts all these established tech-
nologies on different layers. In addition, Berners-Lee denotes Logic, Proof
and Trust as separate layers building on top of the established technology
layers. Digital Signatures is depicted as a vertical layer starting on top of
XML+NS+XML Schema.

Furthermore, in Figure 3.1, Berners-Lee [28] adds descriptive notes
labelling XML+ NS+ XML Schema as Self describing documents,
RDF+rdfschema and Ontology vocabulary as Data, and Logic as Rules.

3.2.2.1 Adoption status of the V1 version of the Semantic Web lay-
ered architecture

The V1 version of the Semantic Web architecture was adopted by several
Semantic Web authors as a relevant Semantic Web architecture. Shortly
after the release of this architecture it was used by Fensel [99] in 2000

4Section A.3.2, p.290.
®Section A.3.1, p.288.
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and by Fensel, van Harmelen, Horrocks, McGuinness and Patel-Schneider
[102] in 2001 to describe the relationship of DAML-ONT® and OIL” with
supporting lower layers, specifically RDF Schema. With the development
of OWL2 and the identification of several layering issues, Fensel [100] sub-
sequently in 2002 adapted the architecture to reflect the status quo with
regard to W3C Recommendations. This adapted architecture is depicted
in Figure 3.2.

Ontology support

Namespaces XML-Schema

XML - Structured documents

Universal Resource |dentifiers

Figure 3.2: The adapted layer language model of Fensel [100].

In addition to these initial adoptions, Cost, Finin, Joshi, Peng, Nicholas
et al. [74] explain the relationship of DAML+OIL® with the Semantic Web
using the V1 architecture, and Hendler [123] describes the interaction of

6 DAML-ONT is an ontology language that was developed by DARPA and released in
2000.

"OIL was developed as an ontology language in 2000 by On-to-Knowledge, an European
IST project

8Section A.6.1.1, p.329.

9DAML-ONT, OIL and DAML+OIL are all ontology languages that were eventually inte-

grated into the OWL W3C specifications. Refer to Section A.6.1, p.327.
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agents with the Semantic Web in the context of the V1 architecture. Hor-
rocks and Patel-Schneider [131] refers to the V1 architecture when they
introduce their three theses of presentation in the Semantic Web. They
define presentation as the relationship between constructs in a language
and entities in the world. In addition, Patel-Schneider and Fensel [191]
highlight several issues with regard to the layering of the Semantic Web ar-
chitecture, especially with regard to the ontology vocabulary, by using the
V1 architecture as departure point. Shah, Finin, Joshi, Cost and Mayfield
[211] use the layered architecture to describe the background in their paper
discussing information retrieval on the Semantic Web.

To introduce the Semantic Web, Antoniou and von Harmelen [6] adopts
the V1 architecture for a discussion on the Semantic Web in their Semantic
Web Primer. In addition, Huang and Webster [134] adapt the V1 archi-
tecture in order to create a context-aware approach to enable agents to
understand semantic resources. Baldoni, Baroglio and Henze [16] discuss
personalisation of the Semantic Web by referring to the layers of this ver-
sion of the architecture. Oberle, Staab, Studer and Volz [180] introduce
the development of an application server for the Semantic Web, particu-
larly the KAON SERVER. They use this V1 version of the architecture to
indicate the static parts of the Semantic Web.

Although the V1 Semantic Web architecture was adopted by notewor-
thy Semantic Web authors such as Hendler, Horrocks, Patel-Schneider and
Fensel [123, 131, 191], it is plausible to argue that its acceptance as a refer-
ence architecture for the Semantic Web is not as widespread as expected,
given the number of academic and popular publications in the domain. One
may speculate that this is due to the fact that the architecture was never
presented formally in literature or as part of a W3C Recommendation. All
of the Semantic Web architecture versions were presented by Berners-Lee
in presentations. However, in spite of this, no other architecture could be
found in literature that can may currently serve as a comprehensive and
functional model for the language specifications of the Semantic Web. It
remains problematic that neither a description, nor unambiguous meaning
is associated with the V1 version graphical representation of the Semantic
Web architecture.
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3.2.3 V2: The second version of the layered architecture

As participant in the ongoing activities of the W3C, Berners-Lee proposed
a second version of the Semantic Web architecture in 2003 as part of a
presentation at the SIIA (Software & Information Industry) Summit [212].
For the purpose of this study, this will be labelled the V2 version of the
Semantic Web layered architecture [32]. This V2 version of the architecture
was furthermore presented as part of two presentations in 2003 [31, 33]
and is depicted in Figure 3.3.

Trust
Proof

Logic
framework

Rules

Encryption

@
-
=
=
©
c
2
w

Ontology
RDF Schema

RDF M&S

Figure 3.3: The subsequent Semantic Web architecture (V2) [31-33].

The V2 version of the architecture (Figure 3.3) is an adaptation of the
V1 version as presented in Figure 3.1. URI and Unicode are still depicted
on the bottom layer. However, XML and Namespaces are presented sep-
arately as layer 2 rather than as the combined XML+NS+XML Schema
layer in the original version. The RDF+rdfschema layer in the original ver-
sion is divided into two layers, RDF M&S and RDF Schema that build on
one another. Ontology replaces Ontology vocabulary and Logic framework
replaces Logic. Furthermore, Logic framework, Proof and Trust are still
depicted as the upper layers. Another difference is the absence of the de-
scriptive notes of the first architecture. Rules depicted as a note previously,
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is now part of the architecture and resides as a layer above Ontology.

Furthermore, in Figure 3.1, Berners-Lee depicts Digital Signatures as a
vertical layer on top of the XML+NS+XML Schema layer. In contrast, Fig-
ure 3.3 depicts two vertical layers, Signature and Encryption, which reside
above the Namespaces layer.

Neither the precise meaning of the V2 architecture, nor the implications
of the adaptations are discussed by Berners-Lee in his presentations [31—
33]. A discussion could also not be found in other literature.

3.2.3.1 Adoption status of the V2 version of the Semantic Web lay-
ered architecture

After the release of the V2 version in 2003, a tendency remained to re-
fer to the first version [6, 16, 130, 134, 180]. Patel-Schneider [190] refer
to both versions of the architecture when he proposes an adapted archi-
tecture less tied to RDF. In Patel-Schneider’s revised architecture different
Semantic Web languages can have different syntaxes but use the same
models [190].

Horrocks, Parsia, Patel-Schneider and Hendler [130] adopt both the
second (V2) and subsequent third (V3) versions when they present dif-
ferent proposals for extending the Semantic Web architecture with a rules
component. Similarly, Kifer, Bruijn, Boley and Fensel [147] refer to the V2
version of the architecture when they argue that a realistic architecture for
the Semantic Web must be based on multiple independent, but interopera-
ble, stacks of languages. In particular, they incorporate certain rule-based
languages, which cannot be layered on top of OWL. These authors there-
fore adapt the V2 version of the architecture to include these languages
in the Semantic Web architecture alongside with the stack of OWL-based
languages [147].

However, from the preceding discussion, one can deduce that the V2
version of the Semantic Web architecture was not adopted by Semantic
Web authors to the same extent as the V1 version.
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3.2.4 V3: The third version of the layered architecture

Berners-Lee proposed a third version of the Semantic Web architecture in
his keynote presentation at the WWW’2005 (World Wide Web Conference)
[34]. In this study, this version depicted in Figure 3.4, is referred to as the
V3 version of the Semantic Web layered architecture.

Trust
Proof
Logic
framework | 0 §
— 2 =
o OwL Rules & %
= - . 2 I
g DLP bit of OWL/Rul |
Yl RBRDF Schema

F{DF Core

Figure 3.4: The V3 version of the Semantic Web architecture [34].

The V3 version of the architecture (Figure 3.4) extends the V2 version
of Figure 3.3. URI and Unicode, as well as XML and Namespaces are
presented similarly to version 2. RDF M&S are labelled RDF Core and a
layer DLP bit of OWL/Rul is added above RDF Schema. The Ontology and
Rules layers in V2 are presented on one layer in a side-by-side manner as
OWL and Rules in V3. The Proof layer is also extended down to reside
next to Logic Framework. Trust is still depicted as the upper layer. The
vertical layers remain unchanged from those in V2.

As is the case with the prior versions of the Semantic Web architecture,
neither the meaning nor the implications of the adaptations depicted in the
V3 Semantic Web architecture, are discussed in literature.
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3.2.4.1 Adoption status of the V3 version of the Semantic Web lay-
ered architecture

The only adoption of the V3 version of the Semantic Web architecture that
could be found in literature, is the adoption by Horrocks et al. [130] of both
V2 and V3 (discussed previously in Section 3.2.3.1) where the authors
propose extensions to the architecture that includes a rules component.

3.2.5 V4: The latest version of a layered architecture for the
Semantic Web

In his keynote address at the AAAI 2006 Conference (Twenty-First National
Conference on Atrtificial Intelligence) in July 2006, Berners-Lee introduced
the latest version of the Semantic Web architecture [35]. For the purposes
of this thesis this version is referred to as the V4 version of the Semantic
Web layered architecture. The V4 version is depicted in Figure 3.5.

User Interface & applications

Trust
Proof
Unifying Logic
ontology: Rules:
shomee | Lo | |7
Crypto
| RDF-S |
Data interchange: RDF
XML
URI Unicode

Figure 3.5: The latest V4 version of the Semantic Web architecture [35].

In this V4 version (Figure 3.5), the bottom layer still depicts URI and Uni-
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code as in the previous V3 version (Figure 3.4). On the XML layer, Names-
paces is omitted from the model and only XML now resides on this layer.
An additional description, Data interchange, is included on the RDF layer.
RDF-S still resides above RDF. SPARQL'® that provides a mechanism to
query RDF data, still resides above the RDF layer. On the Ontology layer,
the caption ontology: OWL replaces the caption Ontology and Rules:RIF
is introduced. Rules are therefore moved to the same level as OWL. RIF
(Rule Interchange Format) is at present a Working Group of the W3C''.
On the Logic framework layer, Unifying Logic replaces Logic Framework
and Proof is altered to be above both Rules: RIF as well as above Unify-
ing Logic. Trust still resides above the Proof layer. In addition, a layer is
added above the Trust layer depicting User Interface and applications that
seem to represent the notion that all applications and user interfaces of the
Semantic Web will reside above the Trust layer.

The vertical layers in V3 in Figure 3.4 (Digital Signatures and Encryp-
tion) are replaced with a single vertical layer referred to as Crypto in V4,
Figure 3.5. Unlike previously, the Crypto vertical layer no longer starts on
top of the XML layer, but resides alongside all the layers except Trust. It
is however not clear what the meaning of Crypfo is, and it is possible to
speculate that it is a combined layer reflecting the security needs of the
Semantic Web architecture.

3.2.5.1 Adoption status of the V4 version of the Semantic Web lay-
ered architecture

An adoption of the V4 version of the Semantic Web architecture by re-
searchers could not be found in literature as yet. As is the case with the
previous versions, no description of this architecture exists within literature
either.

°Section A.11.2.1, p.346
""Section A.11.2.3, p.348
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3.2.6 Concluding remarks: The four present versions of the
Semantic Web layered architecture

The discussion in this section summarised the different versions of the Se-
mantic Web layered architecture as proposed by Berners-Lee [28, 31, 34,
35]. These four versions of the architecture were labelled V1, V2, V3 and
V4 for the purposes of the discussion in this thesis. Along with the charac-
teristics of each of these versions of the architecture, the adoption status
of each version was also discussed.

As noted in the preceding discussions, Berners-Lee proposed all the
versions of the architecture as part of presentations [28, 31, 34, 35] and no
discussion of the intended meaning of the different versions of the architec-
ture could be obtained from literature. However, despite this lack of mean-
ing descriptions, it is plausible to argue that Berners-Lee made a significant
contribution towards the establishment of the Semantic Web through his
presentation of the different versions of the Semantic Web architecture, as
these versions represent a conceptualisation of the languages required to
establish the envisioned meta-data functionality of the eventual Semantic
Web.

3.3 SEMANTIC WEB ARCHITECTURAL DISCUS-
SION

In this section, the four versions of the Semantic Web layered architecture
are examined in terms of structure and intended meaning, and as a result,
some observations are put forth.

Arguably, layering is a common best practice pattern used by software
architects to decompose complex systems [12, 56, 178]. In a layered ar-
chitecture the principal elements or components are arranged in the form
of a stack where each layer resides above a lower layer. Generally, a
layer represents a grouping of elements that provides related services. A
higher layer may use either only various services defined by the immedi-
ate lower layer (closed architecture) or services by all of the lower layers
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(open architecture). However, the lower layers are unaware of higher lay-
ers [12, 56, 104, 178], and are not allowed to access functionality provided
by upper layers. This implies a strict ordering of access to the functionality
provided by components in a layered architecture in one direction only [13].

The graphical representations of the four versions of the Semantic Web
architecture depict a layered architecture. However, a concern about these
versions of the Semantic Web architecture is that no concise description of
the intended meaning of any of the versions was published so far. Further-
more, according to the characteristics of layered architectures, there seem
to be inconsistencies on different levels. For example, as both functionality
and technology is portrayed by the architectural layers, it is not clear what
specifically is depicted by the versions (Figures 3.1, 3.3, 3.4 and 3.5). In
particular, certain layers specify a functionality required at that layer in the
stack (such as Ontology), whilst other layers depict a technology (such as
XML) without an explanation of the functionality that the specific technology
embodies.

It is also not clear what is intended by either the stacking of the layers, or
the triangular structure. In addition, there appear more than one technology
on certain layers and all of the versions of the architecture depict vertical
layers. The intention behind this deviation to the structure of a layered
architecture is not reflected in literature.

In the remainder of this section issues identified with regard to the struc-
ture and possible meaning of the architecture are discussed in more detail.

3.3.1 Side-by-side layers

In all four versions depicted in Figure 3.6 URI and Unicode are depicted
on the bottom layer as two separate blocks or side-by-side layers (refer
to (1) in Figure 3.6). It is safe to assume that the intended implication
is that the two technologies both reside on the bottom layer. However,
this is contentious and inconsistent when referring to the presentation of
other layers containing more than one technology. In V1 XML + NS +
xmlschema are depicted as a single layer even though they all represent
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Version V1 Version V2
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Figure 3.6: The four versions of the architecture: side-by-side layers (1)

and the triangular structure of the architecture (2).

separate technologies. Similarly, V1 depict the RDF and RDF Schema
technologies in one layer (RDF + rdfschema).

In the V2 version of the architecture in Figure 3.6, XML and Names-
paces are also depicted as separate blocks or side-by-side layers. This is
similar to URI and Unicode on the bottom layer. However, to be consis-
tent with the assumptions of layering, the layering of this version should
imply that XML only uses URI, whereas Namepaces uses only Unicode as
a preceding layer. Based on our knowledge of XML and Namespaces'?,
this is not the case even though it is depicted as such in version V2 of the
architecture. In addition, one can speculate that URI includes Unicode and
that Unicode should therefore be the bottom layer with URI the layer above
it.

2Section A.4. p.292.
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Furthermore, according to in Figure 3.6, V3 adds side-by-side lay-
ers with SPARQL, RDF-S, ontology:OWL and Rules:RIF and the precise
meaning thereof is not clear. The Proof layer is also extended to be part of
the Unifying Logic layer even though it resides above this layer. This may
mean that Proof resides either as a layer above Rules:RIF or above Unify-
ing Logic, or it may mean that Proof is a layer that requires functionality of
both Rules:RIF and Unifying Logic.

3.3.2 Triangular structure of the layered architecture

In all four versions depicted in Figure 3.6 the layers are staggered into a
triangular structure with the lower layers wider than upper layers (refer to
(2) in Figure 3.6). It is not clear whether this means that the upper layers
use only part of what is provided by lower layers, or whether a lower layer
specifies additional functionality that is not used for the purpose of the Se-
mantic Web. Nevertheless, the side-by-side layering of the bottom layer(s)
is problematic in terms of meaning. It is also significant that both V1 and
V4 depict the bottom layers to be the same width. In V1 the Unicode and
URI layer in Figure 3.6 is of the same width as the XML+NS+xmlschema
layer. V3 depicts RDF Schema, DLP bit of OWL/Rul and the side-by-side
layers OWL and Rules to be of the same width. In V4 the Unicode and
URI, the XML and the Data Interchange layers are of the same width. This
is not the case in V2 where all layers are staggered in a triangular fashion.

3.3.3 Mixing technologies and functionality descriptions in the
naming of layers

It is not clear what the layers in the four versions represent since certain
layers are labelled using technologies whilst others are labelled using func-
tionality descriptions (refer to (3) in Figure 3.7). According to V1, the bot-
tom three layers in Figure 3.7 represent technologies, and all higher layers
are labelled with functionality descriptions. Similarly, in V2, the bottom four
layers represent technologies and the remaining layers functionalities. In
both V3 and V4 (excluding the User Interface and applications layer) only

AJ Gerber 68 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



CHAPTER 3: SEMANTIC WEB ARCHITECTURE

Version V1 Version V2

nature
r~

Digjtal Sig

Unicode

Version V4
| User Interface & applications |

Version V3

Figure 3.7: The four versions of the architecture: functionality and tech-
nology depictions (3) and vertical layers (4).

the top three layers represent functionalities. In both these versions sev-
eral technology layers were added so that all the lower layers represent
technologies.

3.3.4 \Vertical layers

All versions of the architecture in Figure 3.7 depict vertical layers such as
Digital Signatures in V1, Signature and Encryption in V2 and V3, SparQL
in V3 and V4, and Crypto in V4 (refer to (4) in Figure 3.7). The precise
meaning of any of these vertical layers is not specified in literature. It is
possible to speculate that these layers are included in all the other layers,
or that these layers reside alongside the other layers, or even that these
layers only depict technologies building on top of their lower layers and
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excluding the upper layers.

3.3.5 Concluding remarks: Semantic Web architectural dis-
cussion

The discussion of the different versions of the architecture identified sev-
eral unresolved and contradictory issues with regard to its meaning. One
possible consequence of these issues is that it may result in confusion and
uncertainty as regards the adoption of these architecture versions by de-
velopers and researchers.

In addition, no agreed-upon conceptual framework has been specified
in literature for the required languages to specify the meta-data layers of
the envisioned Semantic Web.

In the next section, the architectural initiatives of the W3C are investi-
gated in order to determine whether there is a formal activity that has an
intention to address the identified issues of the Semantic Web layered ar-
chitecture.

3.4 SEMANTIC WEB ARCHITECTURAL INITIATIVES

The specific purpose of this section is to scrutinise the activities of Berners-
Lee (Section 3.4.1) as member of the W3C and presenter of the proposed
versions of the Semantic Web architecture [28, 31, 34, 35], as well as
W3C initiatives (Section 3.4.2) in order to determine their specific focus and
whether their activities in any way address the architecture of the Semantic
Web.

3.4.1 Activities of Sir Tim Berners-Lee

Tim Berners-Lee, one of the initiators of the W3C architecture initiatives,
supports thorough design to underpin the standards released by the W3C.
In Axioms of Web Architecture: Principles of design, Berners-Lee [29] de-
scribes the design principles for the Web as simplicity, modularity, decen-
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tralisation and tolerance. In this section these design principles underlying
all the W3C architectural initiatives are discussed.

Simplicity is supported by the Keep It Simple, Stupid or KISS axiom.
Simplicity is often ignored because it is subjective. Something that is pre-
sented in a simple or even simplistic way should however never be con-
fused with something that is easy to understand. Simplicity strives to use
fewer basic elements to achieve the required results.

Modular design means that a system is divided into loosely bound
groups of tightly bound features. This axiom is related to the Software
Engineering principle of the loose coupling and tight cohesion of system
elements [14].

Berners-Lee summarises modular design as follows [29]:

Modular design hinges on the simplicity and abstract nature of
the interface definition between the modules. A design in which
the insides of each module need to know all about each other
is not a modular design but an arbitrary partitioning of the bits.

Modularity also implies evolution in that the design of a system should
not just be modular in itself, but any system could be a part of an as-yet
unspecified larger system.

In addition, Berners-Lee [29] considers tolerance and decentralisation
as founding principles to which Internet and Web standards should adhere.
Tolerance is described as be liberal in what you require but conservative
in what you do [29]. The principle of tolerance does not diminish the need
for an unambiguous protocol specification that draws a precise distinction
between a conformance and non-conformance. The principle of tolerance
does not provide an excuse for a product that contravenes a standard.

Decentralisation is a principle for the design of distributed systems and
societies. Any single common point within any operation tends to limit the
way the system scales, and produces a single point of complete failure [29].
Conceptually, the Semantic Web must avoid centralisation in the definition
of concepts, such as a central definition of the concept automobile as the
termhttp://www.kr.org/stds/industry/automobile. This would restrict
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users to be only those systems for whom this particular formulation of an
automobile is valid.

The W3C aims, notably through TAG, to ensure that the W3C archi-
tectural and standardisation endeavours adhere to these design principles.
However, at present there does not seem to be a specific activity formulated
by the W3C or Berners-Lee that address the integration of these principles
into a Semantic Web architecture.

In addition, these design principles are of significance for the develop-
ment of a functional and comprehensive layered architecture for the Se-
mantic Web, which is the purpose of the research in this thesis.

3.4.2 W3C architectural initiatives

Whilst the previous section highlighted underlying design principles for
Web and Internet standardisation efforts spearheaded by Berners-Lee, the
specific W3C initiatives pertaining to the architectures required for the im-
plementation of the Internet, Web and Semantic Web, are discussed in this
section.

The W3C'3 is regarded as an international, vendor-neutral consortium
dedicated to the establishment of an interoperable Web that can accommo-
date the growing diversity of people, hardware, and software in the world
[250]. At present the W3C operates in four domains, namely 1) Architec-
ture, 2) Interaction, 3) Technology and Society, and 4) Web Accessibility
Initiative. Within these domains, activities and groups (Working Groups,
Coordination Groups and Interest Groups) are active. All the domains,
activities and groups are supported by the TAG (Technical Architecture
Group) and the Advisory Board [250].

The two W3C initiatives identified to be of importance for this study are
the W3C Architecture Domain and the Technical Architecture Group.

3Section 2.6, p.44.
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3.4.2.1 W3C Architecture Domain

The W3C Architecture Domain is an overarching, top-level organisation of
certain related activities [126]. The purpose of the W3C Architecture Do-
main is to enhance the infrastructure of the Web and increase its automa-
tion, as described by the following quotation:

W3C leads the evolution of the web, empowering individuals,
increasing social and economic efficiency, and exploiting the
power of computing in our everyday lives. Exploiting that power
is the mission of the W3C Architecture Domain [126].

Within the Architecture Domain, five activities are presently defined
[126]:

XML (Extensible Markup Language),
Web Services,

Internationalisation,

URI/IRI; and

DOM (Document Object Model).

v Vv Vv Vv V

The mission of the Architecture Domain is to maintain and extend these
core technologies of the Web [126]. The W3C architecture technologies
have as specific focus to enable users of the Web to exchange data on
the Web by means of technology specifications from the protocol level that
includes HTTP (Hypertext Transfer Protocol) and SOAP (Simple Object Ac-
cess Protocol), to the application level with technologies such as XML, XML
Schema, and WSDL (Web Services Description Language). The Architec-
ture Domain also includes the development of technologies for data ma-
nipulation such as XSL (eXtensible Stylesheet Language) Transformations,
DOM (Document Object Model), and XML Query [126].

At present, the organisation of the W3C Domains does not include the
Semantic Web Activity into the W3C Architecture Domain according to the
five activities listed. In addition, the current emphasis of the W3C Archi-
tecture Domain Activities does not include the specification of the Seman-
tic Web language architecture specifically, even though all these initiatives
may have an impact on the eventual realisation of the Semantic Web.
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3.42.2 TAG

The purpose of TAG (Technical Architecture Group) is to permeate archi-
tectural design principles such as discussed in Section 3.4.1, and thus
to influence all activities and actions of the W3C. According to the TAG
charter, all domains, activities and groups are to be supported by the TAG
[249, 250]. The TAG charter was published on 19 July 2001 [249], and
summarises the TAG goals as follows:

W3C has created the TAG to document and build consensus
around principles of Web architecture and to interpret and clar-
ify these principles when necessary, to resolve issues involving
general Web architecture brought to the TAG, and to help coor-
dinate cross-technology architecture developments inside and
outside W3C [249].

A number of architectural principles such as those described in Section
3.4.1 underlie the development of the Web. These principles have to be
agreed upon and documented in order to facilitate the acceptance, growth
and interoperability of the Web. These Web architectural principles are de-
bated, developed, and documented both inside and outside of W3C. Sev-
eral informal documents on the general topic of architecture were published
by the W3C [25, 29, 30, 44]. Within these documents the term architecture
is used to loosely define an organisation of diverse components. How-
ever, with the growth of the W3C there is an increasing demand for formal
documentation of accepted architectural principles that cut across multiple
technologies. Such documented architectural principles will solve a dual
purpose in that it would assist developers of new standards, as well as re-
solve disagreements about architecture that evolved from different working
groups. In addition, it is foreseen that W3C architectural recommendations
could improve effectiveness, reduce misunderstandings and overlapping
work, and improve the consistency of Web technologies and standards
[249].

For the purposes of the TAG charter, the term Web architecture is de-
fined as the underlying principles that should be adhered to by all Web
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components [249]. These principles address issues such as understand-
ability, interoperability, scalability, accessibility, and internationalisation.
Understandability is promoted by means of specifications that are built us-
ing a common framework. Such a framework could potentially clarify inter-
actions and relationships of specifications. Interoperability encapsulates
principles that cross Working Group boundaries in order to assist technical
specifications to interoperate. Scalability is a principle that ensures that the
different W3C initiatives include aspects that guarantee wide applicability
and future extensibility of their recommendations [249].

The mission of the TAG is stewardship of the Web architecture. There
are three aspects to this mission:

> to document and build consensus around principles of
Web architecture and to interpret and clarify these prin-
ciples when necessary,

> to resolve issues involving general Web architecture
brought to the TAG; and

> to help coordinate cross-technology architecture develop-
ments inside and outside W3C.

The primary activity of the TAG is to develop Architectural
Recommendations. An Architectural Recommendation is one
whose primary purpose is to set forth fundamental principles
that should be adhered to by all Web components [249].

The primary activity of the TAG is therefore the development of archi-
tectural recommendations. TAG findings document fundamental principles
identified for adherence by all Web components. TAG include these find-
ings in the TAG architectural recommendations, published according to the
requirements of the W3C Recommendation Track process [252].

In addition to the development of architectural recommendations, the
TAG has as mandate the resolution of issues with architectural impact,
quickly, consistently, and with as much consensus as possible W3C [253].
Issues are brought before the TAG and are resolved by means of a majority
vote. Resolved issues are released as a statement of architectural principle
[249].
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The TAG issues are listed in the TAG Issues List W3C [253] and include
issues such as:

> w3cMediaType-1: Should W3C Working Groups define their own
media types?

> rdfmsQnameUriMapping-6: Algorithm for creating a URI from a
QName?

> namespaceDocument-8: What should a namespace document look
like?

At this stage it suffices to note that architecture as defined by TAG has
as focus the encapsulation of design principles into W3C Recommenda-
tions and specifications. This definition is adopted in the Architecture of the
World Wide Web, Volume One, released as a W3C Recommendation on
15 December 2004. This Recommendation is the first architectural spec-
ification to be issued by the W3C [36], and specifically addresses issues
pertaining to Identification using URIs, Interaction that discusses repre-
sentation of resources using URIs, as well as Data Formats and General
Architecture Principles. It is beyond the scope of this section to discuss
this document in detail. However, it should be noted that the current ver-
sion of the architecture recommendation of the W3C does not address the
Semantic Web, neither layering issues with regard to the languages of the
Semantic Web specifically.

In this section W3C architectural initiatives are discussed. These archi-
tectural initiatives were identified to be the W3C Architecture Domain ac-
tivities (Section 3.4.2.1) and the TAG (Section 3.4.2.2). Within these W3C
architectural initiatives, the definition of the term architecture is generally
accepted as a loose framework for infrastructure components (W3C Ar-
chitecture Domain) or a listing of underlying architectural design principles
(TAG). Presently, none of these initiatives of the W3C address the issues
pertaining to the conceptual layered architecture for the languages of the
Semantic Web specifically.
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3.5 RESEARCH PROBLEM

It is not unreasonable to propose that the architecture of any information
system is one of the primary aspects to consider during design and imple-
mentation thereof. It is thus plausible to state that the proposed architec-
ture of the Semantic Web is crucial to its eventual realisation and that it is
therefore necessary to attach undisputable meaning to the specification of
the architecture for the languages of the Semantic Web.

The current versions of the layered architecture that exist within litera-
ture have been proposed by Berners-Lee, and the literature offers no de-
scription or specification of meaning for any of these. Furthermore, the dif-
ferent versions of the Semantic Web architecture proposed by Berners-Lee
[28, 31, 34, 35] all depict inconsistencies and discrepancies as discussed
in Section 3.3. This leads to confusion, as well as conflicting proposals and
adoptions by the Semantic Web community [130, 131, 190]. Furthermore,
none of the current formal initiatives by the W3C address the Semantic
Web architecture specifically. Within the W3C initiatives, the specification
of a comprehensive and functional layered architecture for the Semantic
Web could therefore address a current limitation.

In addition, because there is no generally accepted specification of func-
tionality or interfaces, there is a possibility that applications implementing
Semantic Web technologies will not be able to interoperate. The interop-
eration of Semantic Web applications is crucial for the eventual realisation
of the founder vision. A comprehensive and functional layered architecture
for the Semantic Web that adheres to the fundamental aspects of layered
architectures will assist in the development of Semantic Web specifications
and applications. Furthermore, several of the current research and imple-
mentation issues associated with the implementation of the Semantic Web
could potentially be resolved.

This thesis therefore argue for the development of a com-
prehensive and functional layered architecture for the Se-
mantic Web that adheres to fundamental aspects for lay-
ered architectures.
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Such an architecture could be regarded as crucial for the development,
growth and adoption of the Semantic Web.

3.6 CONCLUSION

The chapter states the research problem for this thesis as the development
of a comprehensive, functional architecture for the Semantic Web that ad-
heres to fundamental principles of layered architecture design as embodied
in the Software Engineering discipline.

Furthermore, in this chapter, the existing Semantic Web architectural
versions and initiatives are discussed. Different versions of the layered ar-
chitecture for the Semantic Web were proposed by Berners-Lee. There is,
however, no description or consensus about the meaning of these archi-
tectures. In addition, several problematic issues pertaining to the meaning
or structure of the current versions were identified. Furthermore, the ar-
chitectural initiatives of the W3C do not focus on the Semantic Web or its
architecture specifically.

In addition, it is recognised that the architecture of a system is crucial to
the development thereof, and research towards formalising an architecture
for the Semantic Web is therefore indicated.
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4.1 INTRODUCTION

In this chapter, the design of the research executed and reported upon in
this study, is discussed.

The questions that are of concern within this chapter, are:

> Which activities were executed in order to complete the research and
to answer the research questions?

> Is it a qualitative or a quantitative study?

> What is the epistemological stance of the research?

> Which research approaches were followed?

> Which methods were used for data analysis?

4.2 RESEARCH ACTIVITIES

In Chapter 3, it was established that there are several shortcomings with
regard to the proposed Semantic Web architecture and the meaning asso-
ciated therewith. The chapter concluded with the research problem for this
study, namely the development of a comprehensive, functional architecture
for the Semantic Web that adheres to the fundamental principles of layered
architectures. The research questions are:

Research Questions

(1) | What is the function of each technology included in the present

versions of the Semantic Web layered architecture?

> What is the status of the specified technologies within the
present versions of the Semantic Web layered architecture?
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(2) | To which criteria should a layered architecture conform in order

to adhere to system design principles?

> Which aspects should be considered when architectures, and
in particular layered architectures, are evaluated?

(3) | How can the proposed Semantic Web layered architecture be
adapted to be comprehensive and functional, and conform to the
criteria identified for layered architectures?

Table 4.1: Research questions

The development of a functional architecture prescribes an investigation
into the functionality provided by the technologies currently part of the lay-
ered architecture of the Semantic Web. Chapter 5 addresses the function
and status of the respective technologies.

A method to evaluate layered architectures is required on order to de-
velop a comprehensive architecture that adheres to fundamental principles
of layered architectures. This evaluation mechanism will be used to deter-
mine whether the proposed comprehensive and functional layered archi-
tecture adheres to fundamental principles for layered architectures. The
evaluation mechanism ideally consists of criteria for which it is possible to
establish conformance or non-conformance.

Furthermore, it is necessary to calibrate the evaluation mechanism dur-
ing its development. The evaluation mechanism for layered architectures
is therefore used to assess an established layered architecture, and the
results of this evluaiton are used to determine the validity of the evaluation
mechanism. The evaluation mechanism for layered architectures consist-
ing of criteria derived from fundamental principles is developed in Chapter
6.

Once such an evaluation mechanism is developed and calibrated, it is
used to determine possible shortcomings regarding the current versions
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of the Semantic Web architecture as proposed by Berners-Lee [28, 31, 34,
35]. The evaluation mechanism is furthermore used to adapt the V2 version
of the architecture so that it adheres to the criteria and principles for layered
architectures. The development of a comprehensive and functional layered
architecture for the Semantic Web (referred to as the CFL architecture for
the purposes of this study) is discussed in Chapter 7.

In order to establish whether the proposed CFL architecture is useful,
the architecture is applied in case studies in Chapter 8. This chapter is
contained within the thesis part on evidence and discussion, and the re-
sults obtained should provide an indication of the value the proposed CFL
architecture adds to the scientific body of knowledge.

This remainder of this chapter is devoted to a discussion of the research
design and research approach followed in order to answer the research
questions, as well as applicable mechanisms used to verify and test the
results.

4.3 QUALITATIVE RESEARCH

According to Myers [174] there is a shift in the research conducted in the
Information Systems domain to include Software Engineering aspects such
as the human, social, organisational and methodological issues, and hence
an increased application of qualitative research methods. Miles and Huber-
man [168] define qualitative data as data in the form of words rather than
numbers. Qualitative data is rich in meaning and provides opportunities
for explanation and integration activities. Furthermore, this type of data
provides opportunities to develop artefacts beyond initial conceptions to
revised conceptual frameworks and models [168].

As stated by Miles and Huberman [168]:

Words, especially organized [sic] into incidents or stories, have
a concrete, vivid, meaningful flavor that often proves far more
convincing to a reader - another researcher, a policymaker, a
practitioner - than pages of summarized numbers [168].
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This study constructs models and tools, and, in addition, uses docu-
ments, publications and texts, as well as the researcher’s impressions and
experience as data sources. The study is therefore qualitative and not
quantitative.

4.4 PHILOSOPHICAL AND EPISTEMOLOGICAL
STANCE.

In addition to being quantitative or qualitative, all research is executed
from a philosophical base or the researcher’s stance on aspects such as
truth and validity, and that determines acceptable research methods to be
adopted [87, 174, 227]. Within this philosophical base, the researcher has
assumptions about knowledge, its construction, how it can be obtained,
and its validity. This view on what knowledge is and how it can be obtained
is referred to as the epistemological base of the research study. Putting
it differently, epistemology is defined as the theory of knowledge and the
central question of epistemology is: Under what conditions does a subject
know something to be the case? [87].

Several epistemological stances are documented in literature, espe-
cially within the social sciences. For research in information systems Myers
[174] identifies three paradigms namely positivist, interpretive or critical.
Positivists generally assume that reality is objectively given and can be de-
scribed by measurable properties which are independent of the observer
(researcher) and his or her instruments. Interpretive researchers start out
with the assumption that access to reality (given or socially constructed)
is only possible by means of social constructions such as language, con-
sciousness and shared meanings. Critical researchers assume that social
reality is historically constituted and furthermore that it is produced and
reproduced by people [174, 227].

Miles and Huberman [168], p.8 identify three approaches for qualitative
data analysis namely interpretevism, social anthropology and collaborative
social research. Interpretevists view everything as a collection of symbols
expressing layers of meaning (or texts), and in their research they interpret
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these texts in order to extract meaning. Social anthropologists conduct
research using extended contact with an identified community. In collab-
orative social research collective action is undertaken in a social setting
[168].

According to the broad categories of Miles and Huberman [168] and
Myers [174], this study is of an interpretevist nature.

To expand the notion of the philosophical paradigm and epistemological
base of Miles and Huberman [168] and Myers [174], Burrell and Morgan
[57] identify two dimensions of research namely the ontological nature of
reality that is on a scale from internal to external, and the epistemological
nature of science that is on a scale from subjective to objective. This is
graphically depicted in Figure 4.1. Within this context, epistemology is de-
fined as the theory of knowledge [87] and ontology within the philosophical
perspective is defined as the theory of objects and their ties. In addition,
ontology provides criteria for distinguishing various types of objects and
their relations [73].

The radical humanist views the social world from a perspective that
tends to be nominalist and anti-positivist. Within this research paradigm it
is important to transcend limitations or alter existing social arrangements
radically. Such a researcher focuses on his or her own consciousness
and is mainly concerned with releasing social constraints that limit human
potential. The current dominant ideologies are often seen as separating
people from their true selves and they therefore use this paradigm to justify
desire for revolutionary change. Radical humanism is anti-organisation in
scope [57, 75].

The radical structuralist views the world as consisting of concrete arte-
facts and the focus is on structural relationships within a realistic social
world. Radical structuralists aim of these researchers is to explain the ba-
sic interrelationships and change that are built into the nature and structure
of society. Based on this paradigm, the radical structuralist see inherent
structural conflicts within society that generate constant change through
political and economic crises. This has been the fundamental paradigm of
Marx, Engles, and Lenin [57, 75].
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How should?
Internal o
Radical Radical
Humanist Structuralist
How does? Why is?
Ontological < >
Interpretevist Functionalist
External \v4
Subjective Epistemological Objective
What is?

Figure 4.1: The two dimensions of research (adapted from Burrell and
Morgan [57], Cronje [75])

The world of the functionalist is composed of relatively concrete empiri-
cal artefacts with structural relationships. These artefacts can be identified,
studied and measured by means of approaches derived from the natural
sciences. Modelling is done by making use of mechanical and biological
analogies. This has been the primary paradigm for organisational study.
The functionalist assumes rational human action and believes understand-
ing of organisational behaviour can be attained by means of hypothesis
testing [57, 75].

The interpretevist is characterised by a concern to understand the world
as it is, or to understand the fundamental nature of the social world at the
level of subjective experience. Such a interpretevist researcher seeks truth
and explanations in his or her subjective consciousness, often through con-
structs or models. In this type-of research the researcher is preferably a
participant rather than an observer of a phenomenon. Social researchers in
this paradigm aim to describe on-going processes for a better understand-
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ing of individual behaviour and the spiritual nature of the world [57, 75].

The extension of Burrell and Morgan [57] of the broad categories of
Miles and Huberman [168] and Myers [174] discussed above, supports the
notion that the epistemological stance of this study is interpretevist, since
it focuses on model-building as well as methodology construction in order
to explain the structure of systems and objects.

4.5 RESEARCH APPROACH

The previous section identified this study as a qualitative study and the
epistemological stance of this research to be of an interpretevist nature.
In this section, the different research approaches chosen to perform the
research are discussed. A research approach defines the processes that
are executed during the research.

Within the domain of Computer Science and Information Systems, re-
searchers predominantly perform applied research where artefacts are of-
ten built and tested. According to Mouton [172], this research is gener-
ally only empirical or non-empirical. In addition, the empirical and non-
empirical approaches are extended to include research studies executed
within Information Systems research. Mouton [172], p.137 identified sev-
eral research studies or approaches categorised as either empirical or non-
empirical. The two approaches relevant to this thesis are Theory-building
or Model-building studies, which are non-empirical, and Methodological
studies, which are empirical. These studies are discussed in the remainder
of this section.

4.5.1 Theory-building or model-building studies

Generally, science makes progress by means of both models and theories.
When models are constructed the researcher attempts to explain phenom-
ena in the world as perceived [172]. A model can be defined as a set of
statements that aims to represent a phenomenon or set of phenomena as
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accurately as possible [10, 172]. Furthermore, a theory comprises of re-
lated concepts and a theory is defined as a set of statements that makes
explanatory or casual claims about reality [172)].

Theory-building or model-building studies are non-empirical studies that
aim to develop new theories or models in order to explain objects, artefacts
or phenomena. In addition, these studies are used to extend or refine
existing models and theories. Good, well-constructed theories and models
allow for a basis from which one could make predictive claims under certain
conditions, as well as bring conceptual coherence to a specific domain of
science and from where our understanding of the world could be simplified
[172].

More pertinently, theory-building or model-building studies build the in-
tended theories and models mainly though either inductive or deductive
reasoning strategies. Typically, inductive reasoning is used in statistical
model building where the model is constructed to explain or categorise
certain empirical data. In analogical construction of models, a model is
constructed on the basis of its similarities to other models of specific phe-
nomena [172]. In contrast deductive reasoning is more formal in that a
set of postulates or axioms is formulated. These postulates are used to
deductively derive additional theoretical propositions. This process is re-
peated until the researcher has developed a comprehensive set of theoret-
ical propositions that will ultimately be tested against empirical data [172].
Typically, data analysis methods used in theory-building or model-building
studies include mathematical model building as well as grounded theory.

Limitations of theory-building or model-building studies include that
these theories are ineffective if they make erroneous claims such as im-
plausible claims of reality, claims that are not testable and vague, or claims
that are conceptually incoherent, inconsistent and confusing [172]. In addi-
tion, over-abstract formulations of the world that cannot be validated empir-
ically are regarded as a source of error in these studies. Additional sources
of error relate to the assumptions that are made in specifying the model,
the quality of the data against which the theory or model will be tested and
the correct use of statistical and mathematical procedures [172].
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4.5.2 Methodological studies

Methodological studies are empirical by nature and are defined as studies
aimed at developing new methods of data collection (such as question-
naires, scales and tests) and are sometimes also used to validate a newly
developed instrument through a pilot study [172]. Methodological studies
are typically used to develop measuring instruments or to validate existing
tests and scales. These studies are usually done in conjunction with other
studies such as surveys, experiments and comparative studies [172].

Methodological studies can use both inductive and deductive reasoning.
When using inductive reasoning, empirical data are analysed in order to
identify the methodological quality of the data. Deductive reasoning are
used to test, for instance, a hypothesis of theory against empirical data
[172].

Methodological studies in the fields of experiments-, or surveys and
cross-cultural studies have provided insight into sources of error in em-
pirical research. However, limitations include that the results of a method-
ological study usually cannot be generalised [172]. An example would be
a study executed in the USA that cannot be generalised world-wide, or in
terms of another specific culture. Sources of error in methodological stud-
ies generally entail sampling errors and measuring errors.

4.5.3 Organisation of studies in the thesis

The research questions on page 83 dictates the organisation of the studies
of Sections 4.5.1 and 4.5.2 in this study.

A non-empirical, model-building study is executed in order to answer
Questions 1 (with its sub-question) and Question 3 , namely What is the
function of each technology included in the present versions of the Seman-
tic Web layered architecture?, What is the status of the specified technolo-
gies within the present versions of the Semantic Web layered architecture?
and How can the proposed Semantic Web layered architecture be adapted
to be comprehensive and functional, and conform to the criteria identified
for layered architectures?,
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An empirical methodological study is executed in order to develop a
measurement tool (referred to as an evaluation mechanism in this the-
sis) for layered architectures in order to answer Question 2 with its sub-
question, namely To which criteria should a layered architecture conform in
order to adhere to system design principles? and Which aspects should be
considered when architectures, and in particular layered architectures, are
evaluated?. This tool is empirically used to assist in the construction of a
new (non-empirical) model. The execution of empirical and non-empirical
studies in this thesis is therefore cyclic as depicted in Figure 4.2.

Non-empirical
model-building
Semantic Web architecture

Empirical
methodological
evaluation tool

Figure 4.2: The organisation of the studies in this research.

By using both empirical and non-empirical studies, the risk of errors
occurring within both methods is limited. Within model-building there is
a risk that the model might be too abstract or that it cannot be validated
(refer to Section 4.5.1). By constructing an evaluation mechanism based
on theoretical grounds, as attempt is made to ensure that the model is
validated, that it is not too abstract and that the assumptions are valid.

Moreover, during the construction of an evaluation mechanism for lay-
ered architectures, the mechanism is tested against an accepted model
to ensure that the mechanism is calibrated. One of the identified risks of
measurement tools or evaluation mechanisms is that the tool or mecha-
nism might not be calibrated correctly refer to Section 4.5.2). Once the tool
has been calibrated against an accepted layered architectural model, it is
applied to the model under construction in this thesis, namely the Semantic
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Web layered architecture.

4.6 DATA COLLECTION AND ANALYSIS

In this section the mechanisms used to collect, analyse and verify the data
used in this research are discussed. The approach followed was adopted
from Miles and Huberman [168], who are cited extensively on the topic of
qualitative data analysis.

4.6.1 Qualitative data analysis

Miles and Huberman [168], p.10-11 define qualitative data analysis as con-
sisting of three concurrent flows of activity namely data reduction, data dis-
play, and conclusion drawing or verification. These three activities are in-
terwoven before, during and after data collection. Qualitative data analysis
is continuous and interactive (refer to Figure 4.3).

Data
collection

Data
reduction

Conclusions:
draving/verifying

Figure 4.3: Interactive model of the components of qualitative
data analysis [168, p.12].
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4.6.2 Data reduction

Data reduction is defined as the process of selecting, focusing, simplifying,
abstracting, and transforming the written data. Data reduction can also be
described as data condensation.

Data reduction may include quantification, however, it can take many
forms such as data reduction through selection, summary or paraphrase.
Data reduction can be done through the subsumption into a larger pattern
or conceptualisation [168, p.11].

In this study data reduction was performed by means of selection and
subsumption. Referenced publications were selected based on the de-
parture point, which is the architecture of the Semantic Web. The most
significant of these documents were analysed and lead to the additional
selection of documents. In Section 4.6.2.1 the data collection techniques
are discussed in more detail.

In addition, in specific cases analysis of the documents lead to the
identification of additional patterns, which is referred to as data reduction
through subsumption. An example of this is the realisation that the concept
layered architecture is not defined rigorously in literature but is regarded as
an architectural pattern, which lead to the investigation of architectures in
general (refer to Chapter 6).

4.6.2.1 Data collection and completeness

The primary source of data used in this thesis is documents that were
obtained from formal academic sources. This was supplemented with pub-
lications from verified, informal sources such as specific Web sites, as well
as from insights gained from experience.

Documents were collected from the primary publication libraries within
Computer Science and Information Systems, notably the ACM, the Com-
puter Society Library (IEEE), Elsevier, ScienceDirect and Springerlink. In
addition, the Web was used to execute searches and cross-correlate the
results with the document collections obtained from the formal libraries.
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Several official Web sites also served as an important source for doc-
uments, notably the Web site of the W3C (World Wide Web Consortium)
[250] and the IETF (Internet Engineering Task Force) [137].

The technique used to ensure completeness of the data or document
set, is saturation [194]. Data set saturation was achieved by utilising the
reference lists of significant publications. Documents referenced by sig-
nificant publications were collected where possible, and if applicable, their
reference lists were once again used to increase the document collection.
The process continued until between 80-100 percent of the references of
the significant publications were included in the data set. This process was
continuous and interactive, whenever any new significant document was
added to the data set. The process was repeated until the saturation point
was reached again.

4.6.3 Data display

The second activity within qualitative data analysis is data display. Gener-
ally, a display is an organised, compressed assembly of information that
permits conclusion drawing. Typical outputs of this activity include ex-
tended texts, many types of matrices, graphs and charts. The aim of this
activity is to assemble organised information into accessible, compact form
in order to draw justified conclusions [168, p.11].

This thesis is initiated with a display of data, in particular the layered
Semantic Web architecture of Berners-Lee [28, 31, 34, 35]. However, this
display is not accessible and cannot be used to draw justified conclusions
as determined in the research problem. A study was therefore initiated
towards the adaptation of this display in order to make it accessible and
understandable. This resulted in the development of the adapted Semantic
Web layered architecture. In addition, a data display activity was used to
depict the result of the development of the evaluation mechanism (Chapter
6) as a list of criteria with associated descriptions and questions.
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4.6.4 Conclusion drawing and verification

According to Miles and Huberman [168], p.11, qualitative data analysis
comprises a third activity, namely conclusion drawing and verification, de-
scribed as follows:

From the start of data collection, the qualitative analyst is be-
ginning to decide what things mean - is noting regularities, pat-
terns, explanations, possible configurations, causal flows, and
propositions. The competent researcher holds these conclu-
sions lightly, maintaining openness and scepticism, but the con-
clusions are still there, inchoate and vague at first, then increas-
ingly explicit and grounded... [168, p.11].

In addition to the drawing of conclusions described above, this activity
also includes the verification of such drawn conclusions. Meanings emerg-
ing from data have to be tested for plausibility, sturdiness or confirmability,
in other words, whether they are valid.

Miles and Huberman [168], p.245 identify several tactics for generating
meaning from qualitative data, namely noting patterns and themes, seeing
plausibility, clustering, making metaphors, counting, making comparisons,
subsuming particulars into the general, factoring, noting relations between
variables and finding intervening variables. In addition, the tactics used to
assemble a coherent understanding of the data include building a logical
chain of evidence and making conceptual and theoretical coherence.

Several of the tactics identified by Miles and Huberman [168] were used
in this thesis. Noting patterns is used during evaluation of the use of lay-
ered architectures in Chapter 6, and subsuming particulars into the general
with the definition of the Semantic Web in Section 2.3.1. In particular, the
definition of an architecture in Section 6.3.4 make substantial use of the
subsuming particulars into the general tactic. Clustering is used to extract
the criteria list in the evaluation mechanism.

In the compilation of a thesis, building a logical chain of evidence and
making conceptual and theoretical coherence are used. This is evident in
the thesis chapter map displayed at the beginning of each chapter. The
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development of the functional architecture in Chapter 7 is performed by
means of the clustering and making conceptual and theoretical coherence
tactics.

Miles and Huberman [168] propose the use of more than one tactic
when deriving meaning from qualitative data. In addition, the researcher
should always remain sceptic of conclusions reached and should seek to
verify it as often as possible. The authors identify several tactics that could
be used for the testing and confirmation of findings [168, p.262]. Several
of these tactics verify processes executed when collecting qualitative data
through fieldwork, which is not applicable to this thesis. The verification
tactics identified that are used in this thesis are checking for representa-
tiveness, looking for negative evidence and replicating a finding [168].

The checking for representativeness tactic was used during compilation
of the document set using data set saturation. In addition, an attempt was
considered to ensure representativeness when compiling definitions and
criteria through the inclusion tactic rather than exclusion. Every additional
definition or criterion identified in literature is included in the definitions or
criteria lists through some means. Looking for negative evidence is also
used when drawing any conclusion from literature. Similarly, replicating
a finding is used to verify major conclusions. The evaluation mechanism
for layered architectures is tested against the ISO/OSI model to calibrate
it before it is used to evaluate the Semantic Web layered architecture. In
addition, the proposed Semantic Web layered architecture is used in case
studies to substantiate the conclusion.

4.7 RESEARCH DESIGN

The qualitative data analysis activities were integrated into the research
approaches to form the research design of this thesis. This integrated re-
search design is depicted in Table 4.2. The columns depict the applicable
approaches namely a methodological study as well as a model-building
study. In both these studies the qualitative data analysis activities of Miles
and Huberman [168] are performed. These are indicated in the rows of Ta-
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ble 4.2. The data analysis tactics that are applicable to the specific study,

are listed in the respective column.

Methodological
study

Model-building study

Data reduction

Collection of architectural
related publications until

Collection of Semantic Web re-
lated publications until data-set

verification

calibration thereof using an
accepted and established
existing layered architec-

ture.

Tactics:  noting patterns
and themes, clustering,
making comparisons,

subsuming particulars into
the general, building a
logical chain of evidence
and reaching conceptual
and theoretical coherence.
Tactics for  verification:
checking for representa-
tiveness and replicating a

finding.

data-set saturation was | saturation was achieved.
achieved. Tactics:  selection and sub-
Tactics: selection and | sumption.

subsumption.

Data display Determination of the crite- | Determination of function and
ria list for layered architec- | status of specific Semantic Web
tures. technologies as well as identi-
Tactics: matrix forming. fication of the respective layers

of the layered architecture.
Tactics: model construction.

Conclusion Establishing an evaluation | The compilation of a Semantic

drawing and | mechanism for layered | Web status model.
architectures and the | The adaption of the proposed

Semantic Web layered architec-
ture and its evaluation and ap-
plication in case studies to de-
termine its usefulness.

Tactics: noting patterns and
themes, observing plausibil-
ity, clustering, making com-
parisons, subsuming particu-
lars into the general, building
a logical chain of evidence and
reaching conceptual and theo-
retical coherence.

Tactics for verification: checking
for representativeness, looking
for negative evidence, and repli-

cating a finding.

Table 4.2: Research design

AJ Gerber
651-592-4

98

Towards a comprehensive and functional
layered architecture for the Semantic Web.



CHAPTER 4: RESEARCH DESIGN

4.8 CONCLUSION

This chapter identified the research in this study as qualitative and in addi-
tion, the research was executed from within the epistemological stance of
interpretevism. In addition, the two studies used in the research approach
were a non-empirical, model-building study and an empirical methodolog-
ical study. Furthermore, the qualitative data analysis activities and tactics
of Miles and Huberman [168] were used to ensure valid data collection,
analysis, conclusion drawing and verification. The research design is sum-
marised in Table 4.2 that depicts the appropriate data analysis techniques
applicable to the identified approaches or studies.

All these approaches, techniques and tactics were used to execute the
research activities as identified in the introduction in a responsible man-
ner. This ensures that the resulting contribution of the research may be
regarded as trustworthy and valid.
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5.1 INTRODUCTION

In order to develop a functional and comprehensive layered architecture
for the Semantic Web, the extraction of the functionality of the technologies
currently depicted in the versions of the layered architecture proposed by
Berners-Lee [28, 31, 34, 35] is required. A functional architecture depict
functionality and not technology implementations, and when the present
versions of the layered architecture for the Semantic Web are used as ba-
sis, the function of the technologies depicted in these versions need to be
extracted. In this chapter, the status and function of the Semantic Web
technologies are reviewed. In addition, status models that depict refine-
ments imposed by the function and status quo of current technology, are
developed in this chapter. These adapted models may provide valuable
insight into the limitations of the technologies currently supporting the Se-
mantic Web layered architecture.

The questions that are of concern within this chapter are:

> What is the function of the technologies depicted in the Semantic Web
architecture?

> What is the status of each of the technologies depicted in the Seman-
tic Web architecture?

The status and function of the Semantic Web technologies are dis-
cussed in Section 5.2. The status model is developed in Section 5.3. The
latest V4 version of the Semantic Web layered architecture in relation with
the status model is discussed in Section 5.4. The enhanced status model
reflecting technology functions is presented in Section 5.5. The chapter is
concluded in Section 5.6.

5.2 SEMANTIC WEB TECHNOLOGY STATUS AND
FUNCTION

The discussion in this chapter builds on the technology descriptions con-
tained in Appendix A, and uses versions V1 and V2 of the layered architec-
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ture proposed by Berners-Lee [28, 31] in order to organise the discourse.
The V1 and V2 versions of the Semantic Web layered architecture were
adopted by researchers in literature (refer to Sections 3.2.2, p.56 and 3.2.3,
p.60) and are therefore used as the basis for the technology discussion in
this chapter. The V1 and V2 versions of the Semantic Web layered archi-
tecture are repeated in Figures 5.1 and 5.2 with added ’layer’ captions for
reference purposes.

Rules Trust Layer 7
Data Proof ,% Layer 6
. ©
Data Logic & Layer5
(Y51
Ontology vocabulary | & Layers
Ky
(o]

Layer 3

Layer 2

Unicode Layer 1

Figure 5.1: The original Semantic Web architecture (V1) [28]

proot

Layer 6

Layer 5

Layer 4b
Layer 4

Layer 3
Layer 3a

Layer 4a
Layer 3b

Figure 5.2: The subsequent Semantic Web architecture (V2) [31]

The function and status of the technologies depicted in versions V1 and
V2 of the Semantic Web layered architecture are discussed according to
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their positioning in the structure, starting with the bottom layer, i.e. layer 1.

5.2.1 Layer 1: Unicode and URI

Layer 1 in the V1 and V2 versions of the proposed Semantic Web lay-
ered architecture of Berners-Lee comprises Unicode' and URI (Uniform
Resource Identifier)?.

Unicode specifies a universal character encoding standard for the rep-
resentation of text for computer processing [72] where it replaces the use
of legacy character sets and allows data and text to be exchanged interna-
tionally between different systems [71, 72]. Bettels and Bishop [40] regard
the emergence of the Unicode standard and the availability of supporting
tools as some of the most significant global recent software technology
trends.

URI endeavours to uniquely identify resources or objects with a charac-
ter string and is therefore one of the cornerstone technologies of the Se-
mantic Web [37]. The Semantic Web would be impossible without global
identification of resources and hence the use of URIs. To enhance URIs,
IRIs (Internationalised Resource Identifiers) are being developed. IRIs use
Unicode encoding and will enable global identification of resources across
language and character encoding boundaries [245].

A resource is defined as anything that has identity, and any discussion
about meaning as attempted by the Semantic Web has to uniquely identify
and encode the objects or resources of the discussion [37]. It is not possi-
ble to collaborate around data with meaning without uniformly representing
and uniquely identifying the resources under discussion.

5.2.1.1 Layer 1 status

The Unicode Standard is specified and maintained by the Unicode Con-
sortium [71]. The standard supports three encoding mechanisms, UTF-8,

"Refer to Section A.3.1 on page 288
2Refer to Section A.3.2 on page 290
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UTF-16 and UTF-32, allowing the same data to be encoded in a byte, word
or double word format (i.e. in 8, 16 or 32-bits per code unit) [72]. At present
Unicode is specified and included as part of any emerging W3C standard
implying that any application, parser or browser that adhere to W3C stan-
dards need to adhere to the Unicode standard [72]. In addition, the Uni-
code Standard was adopted by various industry leaders and is required
by standards such as XML, Java, JavaScript, LDAP (Lightweight Directory
Access Protocol) and CORBA 3.0 (Common Object Request Broker Ar-
chitecture). In general it is supported in modern operating systems and
browsers [72]

Both URL (RFC 1738) and URI (RFC 3986) are accepted Internet stan-
dards [37, 39, 136].

5.2.1.2 Layer 1 function

From the description of the technologies in the subsections above it is pos-
sible to derive that the overarching function of the Layer 1 technologies is to
provide a unique identification mechanism for upper language technologies
of the Semantic Web layered architecture.

5.2.2 Layer 2: Namespaces, XML and XML Schema

Layer 2 in V1 comprises of Namespaces®, XML (Extensible Markup Lan-
guage)* as well as XML Schema technologies® (Figure 5.1). In V2 in Figure
5.2, XML Schema was omitted, but it is possible to derive from a discussion
by Berners-Lee [32] entitled Standards, Semantics and Survival that it is
included under the XML caption as a technology of layer two.

XML is a standard for the exchange of data over a network, notably
the Web [61, 84, 159, 257]. XML Schema was developed as a content
modelling language and an application of XML. An XML Schema describes
a model for a whole class of XML documents [233, 234]. Namespaces (NS)

3Refer to Section A.4.1 on page 292
“Refer to Section A.4.2 on page 294
®Refer to Section A.4.3 on page 301
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provides a simple method for qualifying element and attribute names used
in XML documents [37, 47, 48].

In general XML together with XML Schema and the associated Names-
paces can encode anything for which a grammar can be defined [61, 84].
If an XML grammar is accepted as a standard for data exchange by the
different stakeholders, any XML parser can parse the XML data and ac-
cess the content if it is a valid XML document. However, it is difficult to
re-engineer the data model from any given XML document if the document
type specification or schema is not available [84]. It is not possible to dis-
tinguish meaning from an XML document or XML Schema, the meaning or
interpretation is provided by the application and end-user of the document
[84].

It is also possible within the application space of the Web that two differ-
ent grammars may define the same terms. This may result in element defi-
nition conflicts if the grammars are combined for any reason. XML Names-
paces were defined to solve this problem as an element can be qualified
against a namespace. Once a namespace is defined, any element used in
conjunction with the hamespace abbreviation becomes a unique element
within the Web context [37, 47, 48].

5.2.2.1 Layer 2 status

The XML 1.0 Recommendation third edition was endorsed by the W3C in
2004 [49]. The W3C endorsed the XML Schema Part 1: Structures [234]
and the XML Schema Part 2: Datatypes [235] in 2001. The Namespaces in
XML 1.1 W3C Recommendation was accepted as a W3C recommendation
in February 2004. The second edition of Namespaces in XML 1.0 [48] was
released as a W3C Recommendation in August 2006 and supersedes the
first Recommendation of 1999 [46].

5.2.2.2 Layer 2 function

In V1 and V2 (Figures 5.1 and 5.2, p.105), XML along with XML Schema
and Namespaces are depicted on the second bottom layer, thus providing
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self-describing document functionality for upper layers. For the Semantic
Web these technologies are used as a serialisation mechanism or a syntax
description mechanism for data interoperability. This implies that an XML
document and specification pair describes content entities, but it does not
specify any meaning.

5.2.3 Layer 3/Layers 3a and 3b: RDF and RDF Schema

RDF (Resource Descriptive Framework)® and RDF Schema’ technologies
reside on Layer 3 in V1 and V2 (Figures 5.1 and 5.2). With the position-
ing of RDF Schema, Layer 3b, above RDF M&S (Model and Syntax), Layer
3a, in V2, Berners-Lee [32] emphasises the importance of a vocabulary de-
scription mechanism on top of the RDF data model as part of the Semantic
Web language stack.

The W3C recommends the use of RDF as a mechanism to specify state-
ments about resources with a basic data model. Furthermore, it describes
the Resource Description Framework (RDF) as a language for represent-
ing meta-data or information about resources on the Web [231, 238]. RDF
is intended for the exchange of meta-data about resources between appli-
cations, but without loss of meaning [86, 231].

In terms of the Semantic Web, the basic object-attribute-value data
model is the only semantics prescribed in the RDF specifications [238,
239, 243]. RDF has no other data-modelling commitments and specifies
no reserved terms for further data modelling or no other mechanisms for
declaring property names [231, 239, 240]. For semantic interoperability
RDF has significant advantages over XML primarily because of the data
model used. RDF allows the definition of statements about resources that
an application can process but the application may not actually understand
the statements. The application provides the meaning [86].

RDF Schema extends RDF and is a W3C Recommendation that pro-
vides a technology that will assist in the definition of meaning residing on

®Refer to Section A.5.1 on page 316
"Refer to Section A.5.2 on page 323
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top of the basic data structures of the Web by allowing the specification
of domain vocabularies. RDF was not specified to describe properties,
neither does it provide any mechanism for describing the relationships be-
tween properties and resources [231], which is the role of the RDF Schema
(the RDF vocabulary description language). RDF Schema defines classes
and properties that may be used to describe other classes, properties and
resources [231, 241].

5.2.3.1 Layer 3 status

The W3C RDF Core Group has produced six documents forming the W3C
RDF Recommendation. Each is aimed at a different audience. The RDF
Primer [237] is an introduction to, and tutorial on how to use, RDF and RDF
Schema. RDF Concepts and Abstract Syntax document [243] specifies the
fundamental concepts and information model of RDF. The RDF/XML Syn-
tax Specification (Revised) document [242] defines how to write RDF in
XML syntax. RDF Vocabulary Description Language 1.0: RDF Schema
[241] describes how to use RDF to describe application and domain spe-
cific vocabularies. RDF Semantics [239] defines the mathematically pre-
cise formal semantics of RDF and RDF Schema. RDF Test Cases [240]
defines a set of test cases that illustrates aspects of the other specifications
and may be used for the automatic testing of implementations.

With the release of the RDF and OWL as W3C Recommendations in
February 2004 [244], the W3C intended the migration of the Semantic Web
technologies from what was largely a research project to a more practical
technology platform that enables more flexible access to structured data
on the Web.

5.2.3.2 Layer 3 function

From the position of Layer 3 in V1 and V2 (Figures 5.1 and 5.2), as well
as from the description of the technologies it is possible to derive that the
function of the technologies on Layer 3 is to provide a meta-data descrip-
tion mechanism (including a data model) for the upper language technolo-
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gies. The function of RDF is to provide a meta-data data model, whilst
RDF Schema provides a primitive knowledge representation or ontology
technology.

5.2.4 Layer 4/Layers 4a and 4b: Ontology Vocabulary/Ontology

In V1 (Figure 5.1) Ontology vocabulary is depicted on Layer 4, whilst this
layer is separated as Ontology, Layer 4a, and Rules, Layer 4b, in V2 (Fig-
ure 5.2). OWL is the W3C technology representing an Ontology vocabulary
or Ontology associated with this layer, whilst W3C research efforts aim to
establish the technologies required for the implementation of the Rules also
to be contained in this layer [130].

Ontologies assist in creating a common understanding for communica-
tion between people and computer applications [85]. Furthermore, it is
envisioned that ontologies will play a crucial role in the processing, shar-
ing, and reuse of knowledge between Web applications [53, 85]. On the
Semantic Web, ontologies may be used in applications required to search
across, or merge information from diverse communities [120-122]. RDF
Schema is often described as a simple ontology language because it al-
lows for the specification of simple semantics associated with identifiers.
Using RDF Schema it is possible to define classes with multiple subclasses
and super classes, as well as properties with sub-properties, domains, and
ranges [19]. RDF Schema is however limited, because RDF Schema can-
not, for example, specify that Person and Car classes are disjoint, or that a
string quartet has exactly four musicians as members. In order to achieve
interoperation between numerous, autonomously developed and managed
ontologies, richer semantics are required and ontologies are thus layered
above the RDF Schema layer [19, 133, 228].

5.2.4.1 Layer 4 status

The OWL specification as contained in the W3C OWL documentation set
[20, 63, 120, 158, 192, 215] was endorsed as a W3C Recommendation in
February 2004. With this Recommendation the W3C intended to draw at-
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tention to the OWL specification and to promote its widespread deployment
[120].

Furthermore, W3C research efforts aim to establish the technologies
required for the implementation of rules to be contained in this layer [130].
As yet no formal submissions in this regard were made by the W3C RIF
(Rule Interchange Format) Working Group [132, 254].

5.2.4.2 Layer 4 function

On Layer 4 in V1 and V2 it is noted that the terminology of the labels dif-
fers from the three preceding layers, because the functionality of the layer
rather than the technology is mentioned.

The function of Layer 4 is the provision of technologies that will assist in
the establishment of common ontologies (or knowledge representation for-
malisms) and a shared understanding of domain concepts on the Seman-
tic Web. In addition, Rules will add the necessary functionality to process
inference results from the ontology layer, and would typically be used to
capture business process rules.

5.2.5 Layer 5: Logic/Logic framework

The versions of the Semantic Web architecture in V1 and V2 depict Logic
or Logic framework residing above the ontology layer.

Logic is regarded as the foundation of knowledge representation lan-
guages, and it is necessary for the provision of the highly expressive lan-
guage constructs in which knowledge can be captured in a transparent
manner [157]. A logic framework provides a well-established formal se-
mantics which assigns unambiguous meaning to logical statements. With-
out a logic framework, inferencing on the Semantic Web will not be possible
[84].

A logic language that enables the necessary expressiveness required
to implement the Semantic Web is one of the active focus areas of Se-
mantic Web research at present. RDF as well as RDF Schema with its
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extensions to RDF, support the notion of machine-processable information
on the Web with the data model of resources and relationship between re-
sources [85], but neither have the necessary expressive power to enable
the reasoning required for the Semantic Web [184]. OWL provides basic
vocabularies for describing ontologies and thus supports the specification
of class hierarchy relationships among data elements in order to support
certain kinds of logical inferences. In fact, OIL and DAML+OIL and subse-
quently OWL all support logic, more specifically DL or Description Logic as
part of their specification [100], thus inheriting from Description Logics its
formal semantics and reasoning support [54].

The V1 and V2 versions of the Semantic Web architectures depict Logic
or Logic framework residing above the ontology layer even through Logic
is a central aspect of an ontology language such as OWL [191]. Therefore,
the positioning of this layer represents the notion that a richer logical lan-
guage should be provided on top of an ontology language, which provides
additional mechanisms for the capturing of reasoning formalisms. Propos-
als for web logic languages may therefore employ a special semantics,
such as minimal model semantics, to make inferencing more amenable to
computer implementation.

5.2.5.1 Layer 5 status

No technologies are available at present to instantiate the envisioned func-
tionality of Layer 5 within the Semantic Web. Logic or Logic framework is
thus at present largely a research effort by institutions such as the W3C
[191].

5.2.5.2 Layer 5 function

The function of Logic or Logic framework is the provision of a logic lan-
guage or framework on top of an ontology language that allows for ad-
ditional mechanisms to capture reasoning formalisms and logic language
integration.
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5.2.6 Layer 6: Proof

In the V1 and V2 versions of the Semantic Web architectures proposed by
Berners-Lee (Figures 5.1 and 5.2), Proof resides on Layer 6.

Semantic Web proof scenarios are supported by the notion of proof lan-
guages, which determines the validity of specific statements. An instance
of such a proof language scenario generally consists of a list of inference
items used to derive the validity of the information in question, as well as
the associated trust information of each item [7, 184].

5.2.6.1 Layer 6 status

The concept of Proof within the Semantic Web context is at present
unattainable and is considered to be a futuristic concept beyond current
research efforts [191].

5.2.6.2 Layer 6 function

The function of Proof is to provide a mechanism (generally a list of infer-
ence items) that are used to determine the validity of a specific statement.

5.2.7 Layer 7: Trust

Trust resides on Layer 7 in V1 and V2 in Figures 5.1 and 5.2.

On the Semantic Web, Trust provides a mechanism to establish the
trust levels of acquired information or participants in any interaction. The
trust levels of information depend on (1) the source of the information, (2)
whether the source can be trusted, as well as (3) whether the source is
who or what it claims to be, in other words, the authenticity and trustworthi-
ness of the source [223]. It is foreseen that the context of the information
would assist applications and users of information with aspects regarding
the trustworthiness and usefulness of the information [41, 222]. Therefore
the information context would create a conceptual environment where the
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Semantic Web operates and interacts intuitively, without having to rely on
complex authentication and checking [184].

5.2.7.1 Layer 7 status

The concept Trust within the context of the Semantic Web is at present
considered to be unattainable and beyond current research [191].

5.2.7.2 Layer 7 function

The function of trust is the provision of a mechanism to establish trust levels
of all role-players and information items on the Semantic Web.

5.2.8 Vertical Layers: Signature/Digital Signature and Encryp-
tion

Digital Signature and Signature are vertical layers associated with Layers
3 to 6 in the V1 and V2 versions of the Semantic Web layered architecture
(Figures 5.1 and 5.2). No description of the meaning or intention of either
Digital Signature or Signature could be found in literature and for the pur-
pose of this study, it is assumed that these layers are the same, especially
because of their positioning as vertical layers in both V1 and V2.

The V1 version of the Semantic Web layered architecture (Figure A.2)
does not depict Encryption. It was however added in the V2 version de-
picted in Figure 5.2 where it is associated with Layers 3 to 6, along with
Signature.

A digital signature is an electronic signature that can be used to authen-
ticate identity, while encryption is an effective way to achieve data security.
Within the context of the Semantic Web a digital signature would be used
as a mechanism to verify an identity (such as the author of a document)
unambiguously [184].

Encryption is an effective way to achieve data security by obscuring in-
formation through and encoding mechanism to make it unreadable without
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access to a special encryption key [196, 224].

5.2.8.1 Status of vertical layers

XMLDSig also called XML Digital Signatures or XML Signatures, is a joint
IETF/W3C standard that specifies how to digitally sign and verify a sig-
nature of a XML data object [17]. XMLDSig enables digital signatures on
arbitrary digital content (XML or non-XML) [148].

XMLEnc (XML Encryption) is a W3C standard that specifies how to en-
crypt/decrypt an XML-formatted data object [139]. XMLEnc supports end-
to-end (as opposed to point-to-point) encryption of an XML object, which
may be the whole XML document or a part it. The document can be trans-
mitted in XML or non-XML syntax [139].

It is foreseen that XMLDSig will be used in many phases in Seman-
tic knowledge management systems, such as authenticity verification for
retrieved/updated knowledge and involved intermediaries, among others
[17]. Furthermore, it is foreseen that encryption could be used in knowl-
edge storage, internal/external knowledge transfer as well as authentica-
tion [32, 148].

Both XMLDSig and XMLEnc are accepted W3C standards. However,
both are only specified with regard to XML security, even though these
vertical layers are associated with layers three to six in the V1 and V2
versions of the layered architecture. The association or integration with the
other layers of the Semantic Web architectures are unclear at present and
it therefore remains a research endeavour [191].

5.2.8.2 Function of vertical layers

The function of both Digital Signature/ Signature and Encryption is the
provision of security mechanisms that support the languages architecture.
Digital signatures are used to verify any identity, and encryption is a mech-
anism used to encrypt/decrypt data transmitted between Semantic Web
roleplayers.
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5.3 STATUS OF SEMANTIC WEB TECHNOLOGIES

In this section, the status of the technologies covered in Section 5.2 is sum-
marised. In particular, Figure 5.2 as an accepted and adopted version of
layered architecture proposed by Berners-Lee [31] is adapted to reflect the
status quo of these technologies in Figure 5.3. The proposed adaptations
are:

> OWL replaces Ontology on Layers 4 and 4a,

> Digital Signature moves to Layer 1,

> Classification of the bottom four layers as established technologies,
> Classification of the top layers as emerging functionalities; and

> Classification of the bottom four layers as the data layer of the Se-

mantic Web.
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Figure 5.3: The modified Semantic Web status architecture

These adaptations with motivating reasons are discussed in Sections
5.3.1105.3.5.
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5.3.1 OWL replaces Ontology on Layers 4 and 4a

Considering V2 in Figure 5.2, it is noteworthy that the bottom four layers
depict technologies, more specifically, W3C Recommendations. As men-
tioned in Section 5.2.4, OWL is the W3C technology representing Ontology
on the V2 Layer 4a in Figure 5.2 in particular. This provides the motivation
for one of the changes reflected in Figure 5.3, where Ontology is replaced
by OWL in order to be consistent with the other W3C technologies repre-
sented in the four bottom layers.

5.3.2 Digital Signature moves to Layer 1

As discussed in Section 5.2.8, a digital signature is a mechanism used
to verify an identity, such as the author of a document, unambiguously
[184]. The concept digital signature and the use thereof is prevalent in
e-commerce and trust negotiations application domains [125, 160].

However, within the context of the Semantic Web the notions of digi-
tal signatures, encryption, as well as it's associated roles are still vague
[148, 191]. Since the function of Layer 1 technologies was identified to be
the provision of a unique identification mechanism for the upper layer tech-
nologies, it provides motivation for Digital Signature to be incorporated as
a technology into Layer 1 because Digital Signature as technology assists
in the verification of identity. In addition, XML as an immediate upper layer
technology on Layer 2, provides a mechanism by means of XML signatures
to use digital signatures in XML transactions [213]. In a layered architec-
ture, upper layers use functionality provided by lower layers. This provides
further motivation for Digital Signature to move to Layer 1.

In addition, if Digital Signature moves to Layer 1, Encryption is layered
on top of Digital Signature, which implies that Encryption uses functionality
provided by Digital Signature. This is acceptable since encryption mech-
anisms often obtain their keys from a participants only after the identity of
the participant was verified using digital signatures [224]. Furthermore, af-
ter the proposed adaptation Encryption also resides alongside XML, which
is preferable to the previous models since XMLEnc is a W3C Recommen-
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dation specified with regard to XML security [139]. The accommodation
of Encryption into the model after the suggested adaptation provides an
additional reason to move Digital Signature to Layer 1.

5.3.3 Classification of the bottom four layers as established
technologies

The technologies of Layers 1 through 4a were adopted as specifications or
W3C Recommendations, implying that these technologies are established
technologies. This provides the motivation for classifying the bottom four
layers as established technologies. The following list presents a summary
of the status of each of these technologies at present:

> The Unicode Standard was adopted by industry leaders and is re-
quired by standards such as XML, Java, JavaScript, LDAP and
CORBA 3.0. Unicode is specified as part of any emerging W3C stan-
dard. In particular, any application, parser and/or browser that adhere
to the W3C standards should therefore adhere to the Unicode Stan-
dard. Refer to Section A.3.1 on page 288 and Section 5.2.1 on page
106.

> Regarding URI, RFC3986 currently allows for a subset of ASCII only,
comprising about 60 characters. In contrast IRIs are being devel-
oped by the Internationalisation Activity of the W3C. IRIs are spec-
ified as a sequence of characters from the Universal Character Set
(Unicode/ISO10646), which implies that an IRI can include charac-
ters from any of the written languages in the world. Refer to Section
A.3.2 on page 290 and Section 5.2.1 on page 106.

> The current W3C Recommendation specifies the use of URLs to iden-
tify a namespace because URLs indicate domain names that should
be unique throughout the Internet. However, it is envisioned that IRIs
will eventually replace URLs as namespace identifiers. Namespaces
are required because of naming conflicts that arise when different au-
thors create grammars for meta-data using, for instance, elements
with the same name. XML namespaces avoid naming conflicts when
using and re-using multiple vocabularies because an element is qual-
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ified against a namespace, thus making it a unique element. Refer to
Section A.4.1 on page 292 and Section 5.2.2 on page 107.

> The first XML specification was accepted by the W3C in February
1998. The third edition was accepted as a W3C Recommendation
in February 2004 [49]. Numerous XML-based languages and appli-
cations were developed by organisations that share high volumes of
information. Refer to Section A.4.2 on page 294 and Section 5.2.2 on
page 107.

> Regarding XML Schema, the XML 1.0 Recommendation was en-
dorsed by the W3C in 1998. Furthermore, the W3C mandated the
XML Schema Working Group to develop an XML Schema Language.
In May 2001 the W3C endorsed the language specifications viz. XML
Schema Part 1: Structures and XML Schema Part 2: Datatypes. Re-
fer to Section A.4.3 on page 301 and Section 5.2.2 on page 107.

> RDF was released as a W3C Recommendation in February 2004
[244]. In doing so, the W3C endeavoured to establish a more practical
technology platform as opposed to only a research project environ-
ment. This technology platform enables flexible access to structured
Web data. The RDF specification set of the W3C provides an exten-
sive overview of RDF. RDF is used to define meta-data vocabularies.
Refer to Section A.5.1 on page 316 and Section 5.2.3 on page 109.

> RDF Schema is a W3C Recommendation [244] that provides a tech-
nology that will assist in the description of meaning using underlying
basic data structures by allowing the specification of domain vocab-
ularies. RDF Schema does not specify a vocabulary of application-
specific classes and their associated properties, but it describes the
mechanisms necessary to specify such a vocabulary. Refer to Sec-
tion A.5.2 on page 323 and Section 5.2.3 on page 109.

> In February 2004 the OWL specification was endorsed as a W3C
Recommendation. The current W3C OWL document set consists of
six documents. OWL is intended as a Web ontology language, im-
plying that it is specifically designed to be compatible with the archi-
tecture of the World Wide Web and Semantic Web [158]. OWL has
already permeated the ontology engineering community and a num-
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ber of existing OWL ontologies are available on the Web [79, 175].
Refer to Section A.6.1.1 on page 329 and Section 5.2.4 on page 111.

The lower layers of the V1 and V2 versions thus depict existing W3C
Recommendations, which provides the motivation for the classification of
the bottom four layers as established technologies.

5.3.4 Classification of the top layers as emerging functionali-
ties

A distinction is made between established technologies and emerging
functionalities in Figure 5.3 below. The emerging functionalities reside in
the top layers, including layer 4b that contains Rules. Emerging function-
alities are those functionalities that were identified as necessary to realise
the Semantic Web, but which are presently predominantly research efforts.
In contrast to this, established technologies are categorised to be those
adopted as either W3C Recommendations or Specifications in Layers 1
through 4a.

In the classification of the top layers as emerging functionalities, it is
necessary to discuss the functionality of these layers within the context of
the Semantic Web. With regard to the Rules and Logic framework layers, it
should be pointed out that reasoning and inferencing are two of the driving
principles of the Semantic Web. New data is derived from existing data
by means of inferencing. Reasoning deduct meaning and make decisions
based on the acquired data that is represented with an ontology language
and rules. An expressive, logic language that supports reasoning using the
ontology language with the associated rules is required in order to imple-
ment the envisioned Semantic Web. Even though RDF together with its
data model, as well as OWL, support the notion of machine-processable
information on the Web [85], neither RDF nor OWL (residing on the data
layer) has the necessary expressive power to enable the inferencing and
reasoning required for the Semantic Web. Presently, the Rules and re-
quired Logic framework are active research focus areas of the Semantic
Web domain [99, 113, 191].
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Trust and Proof within the Semantic Web application domain are emer-
gent research concepts [191]. However, both concepts are crucial towards
the eventual Semantic Web realisation due to the inevitable and inherent
contradictions and duplications in ontology definitions [184]. Applications
on the Semantic Web presently depend upon context to manage trust and
proof. It is an accepted requirement that proof checking mechanisms en-
hanced by digital signatures will be integrated into the eventual Semantic
Web interaction and collaboration activities.

Since no technology instantiations are at present formally accepted for
the implementation of Layers 4b to 7, these layers are classified as emerg-
ing functionalities.

5.3.5 Classification of the bottom four layers as the data layer
of the Semantic Web

Ontologies that build upon the lower layers depicted in V2 in Figure 5.2
and that capture the meaning and meta-data of information are the real-
isation of the information space required by the Semantic Web, i.e. the
existing technologies enable an information space usable by machines. It
is proposed that the established technologies discussed in sections 5.2.1
to 5.2.4 but excluding Rules (depicted in Layers 1 to 4a in Figure 5.3), con-
stitute the data layer of the Semantic Web. It is thus not unreasonable to
state that some maturity can already be associated with the data layer of
the Semantic Web.

However, an application is required to manipulate or use a data layer.
Thus, in the same vein, a Semantic Web application is required to manip-
ulate any ontology. In the vision of Berners-Lee [38], Semantic Web data
(ontologies) are used by agents, but presently several unresolved issues
cloud the realisation of this vision. This is supported by Patel-Schneider
and Fensel [191], p.17 who state that:

there are layering decisions to be made whenever a new
representation formalism has to be compatible with an existing
representation formalism. This will occur at other points of the
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semantic web tower, has occurred in the past, and will undoubt-
edly occur in the future.

This serves as a further motivation for the term emerging associated
with the top layers (4b to 7) of the model in Figure 5.3.

5.4 THE STATUS MODEL AND THE V4 VERSION OF
THE LAYERED ARCHITECTURE

The purpose of this section is to discuss the status model of Semantic Web
technologies (Figure 5.3) with regard to the latest V4 version of the layered
architecture proposed by Berners-Lee [35].

During 2005 and 2006 two additional versions (V3 and V4) of the lay-
ered architecture for the Semantic Web were presented by Berners-Lee
[34, 35]. Because these V3 and V4 versions of the architecture are not
yet adopted by Semantic Web authors in literature, the status model de-
veloped in the previous section used the accepted and adopted V2 version
as basis. However, even though the latest versions are not adopted yet,
the status of the technologies in these versions are investigated in order
for this study to be complete. In particular, the latest V4 version of the lay-
ered architecture [35] is discussed because the term status implies that the
most recent version of the layered architecture (V4) is applicable. The V4
version is reproduced as Figure 5.4 with added 'Layer’ captions.

In order to discuss the status model with regard to the V4 version of the
layered architecture, Figure 5.5 that depicts both the adapted status model
of Figure 5.2 and the most recent version of the architecture (Figure 5.4),
was compiled.

The adaptations made to V2 to compile the proposed status model are:

> OWL replaces Ontology on Layer 4a,

> Digital Signature moves to Layer 1,

> Classification of the bottom four layers as established technologies,
> Classification of the top layers as emerging functionalities; and
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> Classification of the bottom four layers as the data layer of the Se-
mantic Web.

The suggestion that OWL replaces Ontology on Layers 4 and 4a in
the status model (Figure 5.5:(1)) is supported by the V4 architecture since
ontology: OWL is the caption for Layer 4 in Figure 5.5:(2). The movement
of Digital Signature to Layer 1 is upheld since the V4 architecture in Figure
5.5:(2) depicts only one vertical layer, labelled Crypto.
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The suggestion that the bottom four layers of the status model (Figure
5.5:(1)) are classified as established technologies while they also consti-
tute the data layer of the Semantic Web is also further supported by V4 in
Figure 5.5:(2) with the exception of SPARQL and Rules:RIF that are not yet
W3C recommendations. These technologies were however submitted as
W3C candidate recommendations and are therefore in the process of be-
ing considered full W3C recommendations. In addition, the top three layers
in Figure 5.5:(2) can also be classified as emerging functionalities in sup-
port of the remaining suggestion with respect to the status model (Figure
5.5:(1)).

The User Interface and applications layer (Layer 8) in Figure 5.5:(2)
is problematic since it neither depicts technologies nor functionalities re-
quired for the realisation of the Semantic Web, but rather indicates where
Semantic Web applications would reside. It is as such inconsistent with
the previous versions of the architecture as well as the status model. This
inconsistency again emphasises issues with regard to some irregularities
depicted in the versions of the Semantic Web layered architecture as dis-
cussed in the problem statement of the thesis (section 3.5).

5.5 LAYERED TECHNOLOGY FUNCTIONALITY

In order to answer the two questions formulated in Research Question 1
namely What is the function of each technology included in the present ver-
sions of the Semantic Web layered architecture? and What is the status of
the specified technologies within the present versions of the Semantic Web
layered architecture?, the functionality of each layer of the Semantic Web
architecture was extracted in Section 5.2. It is necessary to determine the
functionality of the layers in the Semantic Web layered architecture that de-
pict technologies in order to develop a functional architecture. The bottom
layers of the different versions of the architecture depict technologies whilst
the upper layers already depict functionality. The functionality of the differ-
ent layers of the status model (Figure 5.3) thus determined is summarised
in Table 5.1 below:
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Layer Functionality

Layer 1 Unique Identification

Layer 2 Syntax Description Language
Layer 3a Meta-data Data Model

Layer 3b and 4a Ontology

Layer 4b Rules

Layer 5 Logic Framework

Layer 6 Proof

Layer 7 Trust

Table 5.1: Layer functionality

The function of Layer 1 was identified to be the provision of a unique
identification mechanism for its upper layers that define meta-data for spe-
cific resources. The function of Layer 2 is to provide a syntax language for
the meta-data, whilst Layer 3a specifies a data model for meta-data dec-
larations. The function of Layers 3b and 4a is the definition of an ontology
or meta-data formalism. The rules function depicted on Layer 4b allows for
the management of derived information from the ontology layer, whilst the
aim of a logic framework on Layer 5 is the integration of the different logic
frameworks that might be used by lower layer up to this layer. The func-
tion of Layer 6 is the provision of mechanisms to provide proof for derived
meta-data conclusions, and the function of trust on Layer 7 is the provision
of trust mechanisms for a trust value that can be associated with specific
meta-data data.

To conclude the research described in this chapter, Figure 5.6 depicts
the status model with the extracted functionality as captions on the left-
hand side. This model serves as a building block towards the establishment
of a comprehensive and functional layered architecture for the Semantic
Web.
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Figure 5.6: The Semantic Web status architecture depicting lower-layer
functionality as well.

5.6 CONCLUSION

In this chapter, a discussion of the function and status of present Semantic
Web technologies and functionalities, an adapted architecture status model
reflecting the status quo of the technologies, and a status model depicting
layered functionality, were provided. The status model reflects various re-
finements imposed by the status quo of current technology, and imparts
some insight into the limitations of the technologies currently supporting
the proposed Semantic Web layered architecture versions. In addition, the
latest version of the architecture is discussed in relation to the status model.

However, the purpose of this chapter is to answer the sub-questions
formulated for Research Question 1, namely What is the function of each
technology included in the present versions of the Semantic Web layered
architecture? and What is the status of the specified technologies within
the present versions of the Semantic Web layered architecture?. In answer-
ing this question it is required to determine the status of the listed Semantic
Web technologies, as well as derive the function of the technology layers
in the Semantic Web layered architecture. Figure 5.6 presents a functional
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status model.

A summary of the work contained in this chapter and Appendix A was
presented at the Ninth World Conference on Integrated Design & Process
Technology in San Diego, California, June 25-30, 2006 and published in
the proceedings [108].

In the next chapter, Chapter 6, the focus moves to the establishment of
the characteristics to be included in the construction of a comprehensive
architecture. Therefore, the purpose of Chapter 6 is to answer the sub-
questions formulated for Research Question 2, namely To which criteria
should a layered architecture conform in order to adhere to system design
principles? and Which aspects should be considered when architectures,
and in particular layered architectures, are evaluated?
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6.1 INTRODUCTION

The goal of the research in this thesis is the development of a comprehen-
sive and functional layered architecture for the Semantic Web. A functional
layered architecture depicts the required functionality of the respective lay-
ers within the context of the system as discussed in the previous chapter,
Chapter 5. In order to achieve the goal of a comprehensive (adhering to
design principles) and layered architecture, it is necessary to find a mech-
anism based on design principles that can be used to evaluate layered
architectures.

The research questions that are of concern in this chapter are To which
criteria should a layered architecture conform in order to adhere to system
design principles? and Which aspects should be considered when archi-
tectures, and in particular layered architectures, are evaluated?.

Architectures and layered architectures within Software Engineering
span a vast domain. In order to answer these research questions, sub-
questions were defined which are supported by facts, conclusions, discus-
sions and investigations. This logical structure is graphically depicted in
Figures 6.1, 6.2 and 6.3. In these figures, an orange oval depicts a fact
or conclusion that serves as a starting point for further questions, discus-
sions or investigations. A green rectangle depicts a task or activity that is
executed to answer the question or to enter a discussion. A red hexagon
depicts an abstraction or the crystallisation of concepts and definitions from
a task or activity. These concepts and definitions contribute towards the re-
search results of this chapter.

Figure 6.1 starts with the fact that the Semantic Web is a layered ar-
chitecture as presented in Chapter 3. However, the precise meaning of
such an architecture is unclear. Section 6.2.1 therefore comprises an in-
vestigation into the use of layered architectures within Computer Science
and Information Systems. From this investigation it is concluded that there
are several examples of layered architectures, however no concise defini-
tion could be found. This leads to the questions namely: What is meant
by layering? as well as What is a layered architecture?. Both these ques-
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tions result in further investigations of the concepts /layering (Section 6.2.2)
and layered architectures (Section 6.2.3), which concludes into both an ex-
traction of the key concepts of layering, as well as a definition of layered
architectures (section 6.2.4). A layered architecture is an architectural pat-
tern or a type-of software architecture.

Section 6.1 ]
Introduction Section 6.2
Layered Architectures

The Semantic Web
stack is a

layered architecture
or layered cake

Investigate the
use of layered
architectures

Are there other
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layered architectures
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Q Result
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Table 6.1
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layered

Section 6.2.2
Section 6.2.3

Section 6.2.4
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is an architectural
pattern or ‘type of"
software

architecture.
Section 6.2.4

Figure 6.1: Layered architecture analysis

Figure 6.2 thus starts with the layered architecture definition (a result
of the previous discussion), which is a conclusion. Three questions result
from the definition namely Where did architectures originate?, What is an
architecture? and What is an architectural pattern?, which in turn result in
three investigations presented in Sections 6.3.1, 6.3.2 and 6.3.3. In section
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6.3.4 an architecture is defined and in Section 6.3.3 the key concepts of
architectures are extracted.

Section 6.3
) Architectures investigate the
J_n Iayered_ar:hll.e:ture e e
is an architectural hitect
pattern or 'type of" Where did architectures

software originate 7

Section 6.3.1
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of architectural

Key concepts
of architectural

Table 6.3
Result

Key concepts
of architectural

Table 6.6 Table 6.5

Figure 6.2: Architecture analysis

The architecture definition results in three conclusions: an architecture
is a model, an architecture is a system view or perspective and an architec-
ture depicts the organisation and relations of system components. These
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three facts resulted in further investigations presented in Sections 6.3.5,
6.3.6 and 6.3.7, and in all these investigations, key concepts are extracted.

Section 6.4
Design and Evaluation Criteria

Sewveral concepts
and definitions for
layered architectures
and architectures

were extracted.

Key concepts

of Ir:h:ture Table 6.1

What are
design and
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Table 6.5
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Design and
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layered
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Section 6.3.4

Q Result

OFac’UCunclusiun

Figure 6.3: Criteria development

In Figure 6.3, all the definitions and key concepts from the previous
investigations (repeated in the figure) are combined and the criteria for
the evaluation mechanism are extracted (Section 6.4). As stated, the red
hexagons in Figures 6.1 and 6.2 depict an abstraction or the crystallisation
of concepts and definitions from a task or activity.

As discussed in the logical flow descriptions above, Sections 6.2 and
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6.3 are devoted to investigating the concepts layered architecture and ar-
chitecture. In these sections features and characteristics are identified and
extracted from literature and best-practices. From these characteristics a
framework of evaluation criteria (or an evaluation mechanism) for specifi-
cally layered architectures is developed (Section 6.4). This concludes the
first part of this chapter.

However, it is required that the evaluation mechanism for layered archi-
tectures be calibrated in order to ensure that it is valid and useful. There-
fore, the evaluation mechanism is applied to a prominent and accepted ex-
ample of a layered architecture, namely the ISO/OSI network model [265]
in Section 6.5. In the conclusion (Section 6.6) it is the contention that the
use of these evaluation criteria provides insight into the architectural re-
quirements of systems based on layered architectures.

6.2 LAYERED ARCHITECTURES

A layered architecture is often used in the modelling of systems by re-
searchers and system architects in the design of information systems
[55, 56, 117, 178, 195, 196]. In Section 6.2.1 a discussion of various sys-
tem description examples that use layered architectures is presented.

6.2.1 Examples of the use of layered architecture within Com-
puter Science and Information Systems

One of the first examples of a layered architecture presented in literature
is that of Dijkstra’s experimental layered operating system, developed at
the Technische Hogeschool Eindhoven (THE). The goal of THE was to de-
sign and implement a provably correct operating system. Dijkstra held the
notion that the isolation of various aspects of the operating system into
distinct layers would result in such a system [88]. This pioneer operating
system architecture lead to various layered architecture operating system
models. In these operating systems (refer to Figure 6.4), developers iso-
lated layers so that a specific layer only accesses its immediate neighbours
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[55, 178, 196].
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Figure 6.4: An operating system layered architecture [196].

i IE» Application Layer

M’/ Data Link Layer

“t;, Physical Layer

Figure 6.5: The ISO/OSI network architecture [265].

4

w

~N

-

One of the best-known examples of layered architectures is the defini-
tion of network protocols found in the ISO/OSI (International Standards Or-
ganisation/Open Systems Interconnect) architecture (refer to Figure 6.5).
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This architecture model defines all the methods and protocols required to
connect computers by means of a network [265]. It separates the methods
and protocols needed for network connectivity into seven different layers
and each higher layer relies on services provided by a lower-level layer.
The OSI model is an example of a closed layered architecture with low
coupling because a layer may only access the layer immediately below it.
A disadvantage of such a closed architecture is the introduction of a speed
and storage overhead by each layer [56, 117, 178, 195].

~ Your Application

oyl Java 2D
Gcrmpnnunth Window | Dialog Frame Ep:::'l:
Button
Frame Drag and Drop
Sorofl Bar
. Tool
Font Color | Graphics Kit Acosasibility
AWT
JFC

Figure 6.6: A JFC architecture [217].

To minimise the speed and storage overheads, open layered architec-
tures were developed. An example of such an open layered architecture
(where a layer can access the layer immediately below it, but also deeper
layers) is the Java Foundation Classes or even the Swing user interface for
Java [217]. The JFC (Java Foundation Classes) includes the Swing com-
ponents that are regarded as an enhancement of the Java AWT (Abstract
Windowing Toolkit) (refer to Figure 6.6).

Abmann [1] argues extensively for the use of layered constraint frame-
works for Semantic Web application development. He maintains that the
structure of layering ensures that, although upper layers require lower lay-
ers, every layer can be exchanged independently of each other. In addition,
layered frameworks can be partially instantiated on every layer.

There are also several other examples of layered architecture usage.
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Figure 6.7: Possible component models in the layered framework [1].

The I1ISO/OSI network model comprises a formal specification. In con-
trast, the meaning of layered architectures in most other cases are im-
plied. Simpson [214] uses a layered architecture to describe a real-time
distributed computing system from the functional, design, distribution and
execution viewpoints. Recently, Jeckle and Wilde use the ISO/OSI lay-
ered architecture to describe a web services protocol stack [143]. Zach-
man [264] introduced a layered framework for classifying and organising
the descriptive models of an enterprise’s architecture. Balakrishnan, Lak-
shminarayanan, Ratnasamy, Shenker, Stoica and Walfish [15] defines a
layered naming architecture for the Internet. More related to the Semantic
Web is the architecture for Semantic Web based knowledge management
proposed by Davies, Fensel and van Harmelen [81].

It is not the intention of this section to provide an exhaustive list of the
use of layered architectures within the Computer Science and Information
Systems domain. However, from the preceding discussion it is clear that
layered architectures are used extensively for modelling and demonstration
purposes but without a precise specification of the intended meaning. The
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Figure 6.8: Architecture for Semantic Web based knowledge manage-
ment [81].

intended meaning of layering in all these cases is implied and has to be
derived by the user or reader. In the next section, the use of layering within
software systems is investigated.

6.2.2 Layering

From the discussion in the previous section, it is apparent that layering is
a common best practice pattern used by software architects to break apart
complex systems [104]. In a layered architecture, the principal elements
or components are arranged in the form of a layered cake where each
layer rests on a lower layer. Generally, a layer represents a grouping of
elements that provides related services. A higher layer may either use
various services defined by the immediate lower layer or services by all
the lower layers. However, the lower layers are unaware of higher layers
[12, 56, 104, 178].

According to Nutt [178], layered architectures were inspired by the de-
sire to divide and conquer system functionality by using horizontal parti-
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tioning. The layers above build on and use the functionality of the lower
layers. In addition, layered architectures are modular but with a particular
set of constraints on how the modules are interconnected. Nutt maintains
that the layered architecture uses abstraction to manage detail among the
modules. The intellectual challenge to layered architectures is determining
the order of the layers, as well as the content thereof [178].

Jacobson, Booch and Rumbaugh [142] define a layer as a set of sub-
systems that share the same degree of generality and interface volatility.
Lower layers are common to several applications and should have more
stable interfaces, whilst higher layers are more application-specific and
may have less stable interfaces.

Bruegge and Dutoit [56] consider layering to be the result of a hierar-
chical decomposition of a system that may yield an ordered set of layers.
In this latter method of decomposition, a layer is a grouping of subsystems
that provides related services. In the resulting layered architecture, layers
are ordered in that each layer can depend only on lower level layers and
has no knowledge of the layers above it.

Bachman [12] uses guiding principles for system development. One
of these principles, called the Levels of Abstraction guiding principle cre-
ates multilevel object-to-object type hierarchies. In addition, the Layered
architecture guiding principle organises the multilevel object-to-object type
hierarchies into layers with a clear separation of concerns and defined in-
terfaces. The Layered architecture guiding principle also protects users in
upper layers from the changes brought about by the re-implementation of
lower layers. The only changes to have any impact upon users at the top is
a new service that is introduced through new implementation or technology
and for which an interface is made available at the upper layer.

Fowler [104] describes some of the benefits of decomposing a system
into layers:

> A single layer is viewed as a coherent whole without knowledge of the
other layers,

> The implementation of a specific layer can be substituted with alter-
native implementations of the same basic services,
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> Dependencies between layers are minimised,

> Layers support standardisation because they define how layers, as
well as their interfaces, should operate; and

> Several higher-level services can use a lower-level layer.

In contrast to these benefits, Fowler [104] lists some disadvantages in-
cluding that layers cannot always encapsulate every functionality, which
results in cascaded changes. In addition, the introduction of unnecessary
layers influence performance.

6.2.2.1 Key concepts of layering

The key concepts of layering are summarised in Table 6.1 .

Layering is a common best practice pattern used by software architects to break apart
complex systems.

Layering depicts system functionality using modular horizontal partitioning or decom-
position, minimal dependencies between layers and a particular set of constraints on
how the modules are interconnected.

A layer represents a grouping of elements/functionality/sub-systems/components that
provides related services (thus implementing the separation of concerns principle).

A single layer is viewed as a coherent whole without implementation knowledge of the
other layers (thus implementing the tight coupling and cohesion principles).

In a layered architecture higher layers use functionality provided by lower layers, either
the immediate lower layer only or services by all the lower layers. Several higher-level

services may use a lower-level layer but lower layers are unaware of higher layers.

Table 6.1: Key concepts of layering

6.2.3 What is a layered architecture?

A layered architecture is the resulting artefact of layering. Nutt [178] de-
scribes the design of layered architectures as a fundamental technique for
dividing complex systems into manageable parts. Layered architectures
are used to describe software or hardware hierarchies in computer sys-
tems, network protocols (such as the ISO/OSI model) and operating sys-
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tem architectures.

A layered architecture is regarded by Pressman [196] as one of the ar-
chitectural styles . He describes a layered architecture by referring to lay-
ered operating systems. The basic structure of this layered architecture is
a number of different layers, defined so that each accomplishes operations
that progressively approximate the machine instruction set of the CPU. At
the outer layer, components service user interface operations. At the in-
ner layer components perform operating system interfacing. Intermediate
layers provide utility services and application software functions (refer to
Figure 6.4 on p. 138).

Jacobson et al. [142] define a layered architecture as one of several
architectural patterns such as the broker pattern for managing object dis-
tribution, as well as the client/server, three-tier and peer-to-peer patterns
for the design of systems on top of hardware. The layered architecture or
layers pattern is applicable to many types of systems. It is a pattern that
defines how to organise a design model in layers, implying that compo-
nents in one layer can reference components only in layers directly below.
Layers reduce dependencies and support reuse because lower layers are
not aware of details in upper layers.

As mentioned in the previous section on layering, a layered architecture
can be open or closed. In a closed architecture, each layer can access only
the layer immediately below it such as for example the 1ISO/OSI network
model [265]. In an open architecture a layer can access the layer below it
but also deeper layers. An example of an open layered architecture is the
Swing user interface for Java [217]. Closed architectures have the advan-
tage that they lead to low coupling between subsystems and subsystems
can be integrated and tested incrementally. Each level however introduces
a speed and storage overhead and it may be difficult to add functionality in
later revisions [56, 117, 195].
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6.2.4 Definition of a layered architecture

From the preceding discussion about layered architectures, the following
definition for a layered architecture is compiled:

A layered architecture is the resulting artefact of the layering
technique that is an accepted best practice used to break apart
complex systems. Layering performs horizontal decomposition
of system functionality. A layered architecture is therefore re-
garded as an architectural pattern or type-of architecture.

The conclusion that a layered architecture is a type-of architecture im-
plies that it is required to investigate the concept architecture.

6.3 SOFTWARE ARCHITECTURES

The logical flow of this section is graphically depicted and discussed in
Section 6.1 as Figure 6.2 (p.135). As concluded in the previous section,
the layered architecture definition indicates that a layered architecture is
an architectural pattern or type-of software architecture. This conclusion
results in three investigations, namely Where did architectures originate?
(Section 6.3.1), What is an architecture? (Section 6.3.3) and What is an
architectural pattern? (Section 6.3.2).

6.3.1 Where did architectures originate?

Although the concept architecture in software systems was not formally de-
fined with the introduction of structured programming, it was implied in the
work of pioneers such as Parnas and Dijkstra [89, 187, 258]. These pio-
neers derived techniques to model a system as consisting of different and
related components. Dijkstra was mainly concerned with program clarity
and correctness, and hence a program’s structure [88]. Parnas introduced
the concept of modularisation as a mechanism for improving flexibility and
comprehensibility of a system while allowing shortening of its development
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time [186]. Parnas also introduced the idea of a family of programs rather
than a single program [187]. As computer programs became increasingly
complex, the separation of related functionality into sub-programs or mod-
ules was forced upon developers. The resulting program structure enabled
the management of system complexity and the verification of program cor-
rectness [188].

The implementation of software as modules invoked related issues such
as low coupling, high-cohesiveness and the separation of concerns that
are adopted at present as best practices within system design [188, 202].
The abstraction of software system functionality into modules, together with
its interfaces is in essence the determination of the architecture of the sys-
tem.

Garlan and Shaw [105], p.5 summarise architecture design in the next
quotation.

As the size and complexity of software systems increases, the
design problem goes beyond the algorithms and data structures
of the computation: designing and specifying the overall system
structure emerges as a new kind of problem. Structural issues
include gross organisation and global control structure; proto-
cols for communication, synchronisation, and data access; as-
signment of functionality to design elements; physical distribu-
tion; composition of design elements; scaling and performance;
and selection among design alternatives. This is the software
architecture level of design.

Modern information systems are complex, intricate and large. There
is consensus among developers that the architecture of a system is in-
dispensable towards the understanding, conceptualisation, design and de-
velopment of the information system. Bass, Clements and Kazman [18]
provide three reasons why architecture is important:

> Representations of software architecture enable communication be-
tween all parties (stakeholders) interested in the development of a
computer-based system.
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> The architecture highlights early design decisions that will have a pro-
found impact on all Software Engineering work that follows and, as
important, on the ultimate success of the system as an operational
entity.

> An architecture constitutes a relatively small, intellectually graspable
model of how the system is structured and how its components work
together.

Similarly, Jacobson et al. [142] assert that an architecture is required in
order to understand the system, to organise development, to foster reuse
and to evolve the system.

In conclusion it is reasonable to state that software systems made use of
architectures since the first program was divided into modules by pioneers
such as Dijkstra and Parnas. As system size and complexity increased,
programmers were required to decompose systems into modules or com-
ponents and as a result, they had to define the interfaces and interactions
among these modules, as well as the global properties of the assemblage.
Historically, architectures have been implicit or accidents of implementa-
tion by skilled developers [196]. However, as systems became increas-
ingly complex and the task of building the software becomes exponentially
harder, there is consensus that the specification of system decomposition
is critical: hence the emphasis on the definition of the software architecture
of the system [56, 104].

6.3.2 What is an architectural pattern? (Architectural patterns
and styles)

Due to the progression in the design and development of architectural mod-
els, some architectural recurrences evolved. These are described as archi-
tectural patterns [18], also referred to as architectural styles [196].

There is no generally accepted definition of a pattern. Christopher
Alexander coined the phrase pattern as follows [3]:

Each pattern describes a problem which occurs over and over
again in our environment, and then describes the core of the
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solution to that problem, in such a way that you can use this
solution a million times over, without ever doing it the same way
twice.

A pattern is thus the description of a problem that occurs repetitively
within a specific environment, as well as the core of the solution to that
problem in such a way that the proposed solution may be reused. Patterns
are rooted in practice and are referred to as best practice descriptions. The
focus of a pattern is a specific solution to a recurring problem [104].

Bass et al. [18] define an architectural pattern as a description of el-
ement and relation types together with a set of constraints on how these
may be used.

The term architectural style is often used in literature when reference
is made to an architectural pattern. Garlan and Shaw [105] defines an ar-
chitectural style as a family of system descriptions in terms of a structural
organisation. An architectural style determines the vocabulary of compo-
nents and connectors that may be used in instances of that style, together
with a set of constraints on how these may be combined. These constraints
may be so specific as to include topological constraints on architectural de-
scriptions.

The remainder of this section summarises several of the most prevalent
architectural styles and patterns. It is beyond the scope of this discussion
to give a comprehensive overview of the different architectural patterns
described in literature. It suffice to note that the layered architecture is
regarded as an architectural pattern or style. It is therefore a kind-of ar-
chitecture and has to conform to the definition of an architecture as given
in Section 6.3.3. In addition, layered architectures as a pattern provide
best-practice solutions to recurring problems as discussed in Section 6.2,
p.137.

6.3.2.1 Client/Server architectural pattern

In the Client/Server architectural pattern, a server provides services to
clients [56].
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The separation of functionality into components that could either be ex-
ecuted centrally or with specific focus such as interaction with the user,
resulted in the client/server architecture.

The term client/server was first used in the 1980s in reference to com-
puters on a network. The client/server software architecture is a versatile,
message-based and modular infrastructure that is intended to improve us-
ability, flexibility, interoperability, and scalability as compared to centralised,
mainframe, time-sharing computing [200].

A client is defined as a requester of services and a server is defined as
the provider of such services. For example, a client (such as a user’s email-
package or a web-browser) requests a service from a server, i.e. software
running centrally on another device (such as an email-host or web-server).
Server software components generally execute on a large central device,
whilst a client generally operates on a small remote PC. The nature of
coordination and control thus changed: the masters had become servers,
and the slaves had become clients [69, 142]. Examples of the client/server
architecture (obtained from Clarke [69]) are presented in Figures 6.9 and
6.10.

Client
Small Server
Remote
=1y (.
Large
Iﬁggl Central
Device

MNetwork

Figure 6.9: Client/Server architecture: several (small) client PC’s interact
with a (large) server through a local area network [69].
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Figure 6.10: Internet Client/Server architecture: clients use the Internet
as network to access server functionality [69].

6.3.2.2 P2P (Peer-to-Peer) architectural pattern

P2P (peer-to-peer) is regarded as a generalisation of the client/server ar-
chitectural pattern in that a subsystem may act either as a client or a server
[56, 142]. More specifically, P2P is a distributed computer architecture that
is designed for the sharing of computer resources (e.g. content, storage,
CPU cycles) by direct exchange, rather than requiring the intermediation
or support of a centralised server or authority. P2P architectures are char-
acterised by their ability to adapt to failures and to accommodate transient
populations of nodes while maintaining acceptable connectivity and perfor-
mance [5].

An example of the P2P architecture (obtained from Clarke [69]) is pre-
sented in Figure 6.11.

6.3.2.3 Three-tier architectural pattern

The three-tier software architecture (also called three layer architectures)
emerged in the 1990s. In this architecture a third tier (middle-tier server)
is located between the user interface (client) and the data management
(server) components. This middle tier provides process management for
the execution of business logic and rules [201]. Thus, the three-tier archi-
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Figure 6.11: P2P architecture [69].

tectural pattern organises subsystems into three layers with different func-
tions. Typically one of the layers would interact with the user, one layer
would manage domain knowledge and another layer would contain addi-
tional functionality such as storage [56, 104, 142].

The three-tier architecture is used when an effective distributed
client/server design is required that would provide increased performance,
flexibility, maintainability, reusability, and scalability, while hiding the com-
plexity of distributed processing from the user [201]. These characteristics
have made three-tier architectures a popular choice for Internet applica-
tions and net-centric information systems.

Figure 6.12: Three-tier architecture [201].
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Several variations of the three-tier architecture have emerged, such
as the MVC (Model/View/Controller) architecture. The model sub-system
maintains domain knowledge, view sub-systems display it to the user and
controller sub-systems manage sequences of interactions with the user
[56]. An example of the three-tier architecture (obtained from Sadoski and
Comella-Dorda [201]) is presented in Figure 6.12.

6.3.2.4 Layered architecture or layers pattern

The layered architecture or layers pattern is a pattern that organises func-
tionality in layers, implying that components in one layer can reference
components only in layers directly below. Layers reduce dependencies
and support reuse because lower layers are not aware of details in upper
layers. [142]. Pressman [196] regards the layered architecture as an ar-
chitectural style. The concept layered architectures was discussed in more
detail in Section 6.2.3 on p. 143.

6.3.2.5 Key concepts of architectural patterns and styles

Key concepts of architectural patterns and styles are summarised in Table
6.2.

Architectural patterns or architectural styles are architectural model recurrences.

A pattern is a description of a problem that occurs repetitively within a specific envi-
ronment, as well as the core of the solution to that problem in such a way that the
proposed solution can be reused.

The layered architecture is an architectural pattern or style. It is therefore a kind-of

architecture that has to conform to the definition of an architecture.

Table 6.2: Key concepts of architectural patterns and styles
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6.3.3 What is an architecture? (Architecture concepts, defini-
tions and descriptions)

During information system development, the conceptualisation, design and
development of the system is assisted by means of the architectural de-
scriptions of the system [18]. Because of this, discussions recording ar-
chitecture concepts abound in literature, however, the term architecture
seems to defy the creation of a common, agreed definition within the In-
formation System application domain both in literature and practice de-
scriptions. Even though comprehensive lists of architecture definitions are
available', no single accepted definition of software architecture is agreed
upon [51, 205].

There is a considerable body of work on the topic of software systems
architectures® as well as the form of descriptive terms used informally to
describe systems. However, there is not yet a well-defined terminology or
notation to characterise architectural structures. At present proficient soft-
ware engineers and developers make use of architectural principles when
designing complex software and they have often adopted one or several
architecture patterns as strategies for system organisation. Such patterns
are generally applied in an informal manner and there are no means to
make it explicit in the resulting systems. Many of the principles represent
rules of thumb or idiomatic patterns that have emerged informally over time.
Others however, are more carefully documented as industry and scientific
standards [105, 196].

In this section, architectural descriptions and definitions are sum-
marised. In addition the key concepts of these architecture definitions are
listed and in conclusion, a definition is adopted for the purposes of this
thesis.

Avison and Fitzgerald [10] define an architecture as a model of a sys-

'See http://www.bredemeyer.com/definiti.htm and http://www.sei.cmu.edu/

architecture/definitions.html
2The distinction between software architecture, systems architecture or software sys-

tems architecture is a matter of perspective. This concept is discussed in Section 6.3.6.1
onp. 162.
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tem in the given context, where a model is an abstraction of a real-world
representation. An architecture thus indicates a simplified representation
of the essential aspects at a specific level. A model provides a means to
view only the significant aspects of the entire system from the perspective
of the viewer. Software or system architects present the system from differ-
ent perspectives to understand the design better. These perspectives are
elucidated views of the models of the system.

In support of the notion of levels, perspectives or views, Pressman [196],
p.289 holds that architectural design is accomplished using four distinct
steps. First, the system should be represented in context where the exter-
nal entities that the software interacts with and the nature of the interac-
tions are defined. Once context has been defined, top-level abstractions
or archetypes that represent the pivotal elements of the system’s function
are specified. Components are defined within these abstractions. Finally
specific instantiations of the architecture are developed to prove the design
in a real world.

Bass et al. [18], Fowler [104] and Jacobson et al. [142] use the notion of
multiple architectures or structures defined by views which implies that an
architecture is defined within a specified context. The context determines
the important aspects of the system at a specific level, as well as the com-
ponents necessary to realise the system, the properties of components
and the relationships between components and external entities.

However, it is still not clear what an architecture depicts, and the remain-
der of this section is devoted to a discussion of architecture definitions.

Bass et al. [18] defines the software architecture of a program or com-
puting system as a description of the structure or structures of the sys-
tem, which comprise software elements, the externally visible properties of
those elements, and the relationships among them. Furthermore:

> An architecture describes elements and how elements relate to each
other. It omits non-relevant information and is therefore an abstraction
of the system.

> External visible properties are the assumptions other elements can
make of an element, such as services it provides or its performance
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characteristics.

> Systems comprise more than one structure and no structure alone is
the architecture.

> All systems have a architecture because any system can be viewed
as a composition of elements with relationships among them.

Pressman [196] states that the architecture of a system comprises of
a comprehensive framework that describes the form and structure of the
system. This description includes the system components and how they
fit together. Architectural design represents the structure of data and pro-
gram components that are required to build a computer-based system. It
considers the architectural style that the system will take, the structure and
properties of the components that constitute the system, and the interre-
lationships that occur among all architectural components of the system.
Software architectures provide a holistic view of the system to be built. It
depicts the structure and organisation of software components, their prop-
erties, and the connections between them.

Bruegge and Dutoit [56] include system decomposition, global control
flow, handling of boundary conditions, and sub-system communication pro-
tocols into a software architecture.

According to Fowler [104] an architecture has two common elements:
one is the highest-level breakdown of a system into its parts; the other,
decisions with regard to system functionality implementation that are hard
to change. In addition, the identified components should be modular which
means that the implementation of the component could change without
having an effect on the functionality of the system.

To support the notion of decisions, Jacobson et al. [142] define software
architecture in the Unified Process as encompassing significant decisions
about:

> the organisation of a software system,

> the structural elements and their interfaces that will comprise the sys-
tem, together with their behaviour as specified in the collaborations
among those elements,

> the composition of the structural and behavioural elements into pro-
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gressively larger sub-systems; and
> the architectural style that guides this organisation: the elements and
their interfaces, their collaborations, and their composition.

The relevant aspects of an architecture are illustrated in the documen-
tation template developed by Bass et al. [18]. This template was developed
to document a software architecture. In the first instance the architect has
to choose the view. This step is arguably considered to be the most im-
portant concept associated with the documentation of an architecture. The
next action is to document the view using the seven headings of the tem-
plate namely the primary presentation, the element catalog, the context
diagram, the visibility guide, the architecture background, the glossary of
terms and other information. The view description documents the struc-
tural aspects of the architecture. In addition to the view documentation, the
behaviour in an architecture as well as the interfaces have to be captured
in the description. An interface is a boundary between two independent
components. The interface to a component remains constant but the im-
plementation of the component may be altered. This supports the notion of
modularity. Detail of the documentation template for views and interfaces
are contained in Section 6.3.7 on p. 163.

6.3.3.1 Key concepts within architecture description and definition

The key concepts of architecture description and definition are summarised
in Table 6.3.

An architecture is a model. Models are used to manage complexity with | 6.3.5,
a simplified representation of a complex idea or application. p.158

An architecture is a model or representation of a system within a specific | 6.3.6,
context, or from a specific view or perspective. p.161

A system has multiple architectures, and the view of what is architec- | 6.3.6,
turally significant is one that could change over a system’s lifetime. An | p.161;
architecture is subjective and depicts whatever is perceived to be impor- | 6.3.7,
tant at a specific time or in terms of a certain view. p.163
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An architecture depicts the structure and organisation of the software | 6.3.3,
components of which the system comprise at a certain level, as well as | p.153
their properties and how they relate.

An architecture is a model of a system within a specified context, depict- | 6.3.7,
ing the components necessary to realise the system from a particular | p.163
perspective. The architecture of a system includes the organisation or
structure of the identified components, their defining features or prop-
erties, as well as the relationships and interfaces between components

and outside entities. Components should be modular.

Table 6.3: Key concepts within architecture description and definition

6.3.4 Definition of an architecture

From the discussions in the previous sections, a definition for the term
architecture is adopted, namely:

An architecture is a model of a system within a specified con-
text, depicting the components necessary to realise the system
from a particular perspective or view. The architecture of a sys-
tem includes the organisation or structure of the identified moad-
ular components, their defining features or properties, as well
as the relationships and interfaces between components and
outside entities.

Since a layered architecture is a type-of or an instance of an archi-
tecture, it is necessary to map the elements of a layered architecture as
discussed in Section 6.2.4 on p. 145 to the concepts in the adopted ar-
chitecture definition above. The layers of a layered architecture map to the
components, or rather a grouping of components. In a layered architecture,
the relationships and organisation of the architectural components are rep-
resented by the stacking and sequencing of layers as depicted graphically
in a layered architecture.

As indicated in Figure 6.2, the architectural definition results in three
conclusions namely: an architecture is a model, an architecture is a sys-
tem view or perspective and an architecture depicts the organisation and
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relations of system components. These three facts result in further inves-
tigations concerning models and abstractions (Section 6.3.5), architectural
views or structures (Section 6.3.6) and architecture descriptions (Section
6.3.7). From all these investigations, key concepts are extracted.

6.3.5 Models and abstractions

As stated in the architecture definition of Section 6.3.4, an architecture is a
model or abstraction of a system.

Dijkstra [89] introduced the concept of models in the early '70s. Models
were recommended to simplify unmastered complexity. He argued that the
programmer and his mind are an important part of the computing process
and that modularised, goto-less programs lead to more efficiency in the use
of the computer [258]. The modularised programs have to be modelled in
order to document the functionality decomposition of the program.

Avison and Fitzgerald [10] define a model as an abstraction and repre-
sentation of part of the real world. Abstraction is the process of stripping
an idea or a system of its concrete or physical features for a simplified rep-
resentation of a complex application. Models are used at various levels of
system abstraction. A model provides a way of viewing the important as-
pects of a system at a specific level in such a way that higher levels depict
the essence of the system and the lower levels show detail that does not
compromise the essence. For example, in the three-level system view the
system is separated into the conceptual level, the logical level and the phys-
ical level. The conceptual level is a high-level overview description of the
universe of discourse (UoD) or the domain of interest such as the overall
information system, the business system, or even the society. The logical
level is a description of the system without any reference to the technology
that would be used to implement it. It's scope is the system itself, without
the UoD. The physical level describes the implementation of the system,
including the required technologies [10].

Lippitt [150] defines a model as a symbolic representation of all the as-
pects, as well as their interrelationships, of a complex event or situation.
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The true value of any model lies in the fact that is an abstraction or rep-
resentation of reality that is useful for analytical purposes. According to
Lippitt [150], p.9:

Modelling will help expedite problem-solving and change be-
cause it enables those involved to conceptualize the multiple
factors through visualized thinking. The interrelationship be-
tween the cognitive process of thinking cannot be separated
from perception: problem-solving involves cognition, and cog-
nition includes perception. Visualization improves the capability
to perceive and, therefore, assists the cognitive process.

6.3.5.1 Types of models

A model is an abstraction of the real world. There are, however, a number
of ways to illustrate such an abstraction. Lippitt [150] proposes a differenti-
ation by category:

> A Graphic Model is a two- or three-dimensional diagram that depicts
a relationship between aspects such as the relationship between tem-
perature and humidity.

> A Pictorial Model aims to transmit an idea by means of a picture or
illustration such as a cartoon.

> A Schematic Model depicts authority or other relationships within a
domain such as a organisation chart of the structure of an organisa-
tion, or a flow chart that shows the flow of information.

> Mathematical Models usually depict a large degree of abstraction.
Mathematical symbols or theorems are used to depict aspects of the
real world. These models are useful in studying situations where
quantification is possible.

> Simulation Models is an approximation of a real-life situation that is
used for, for instance, training.

From this categorisation, an architecture is usually depicted by means
of a schematic model, and in some cases, where quantification is possible,
a mathematical model may be used.
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6.3.5.2 Conceptual models

Within Software Engineering conceptual modelling is regarded as a holis-
tic technique used mainly to show various activities of an information sys-
tem that are logically related, arranged and connected [10]. Conceptual
modelling is an abstract process that is used to create an alternative and
simplified high-level view or model of a system or problem situation. Often
high-level entity models such as E-R diagrams that depict entities with their
relationships are referred to as conceptual models [2, 10].

At an upper or conceptual level or system view it is plausible to spec-
ulate that an architecture is an instance of a conceptual model as used
within the Software Engineering domain.

6.3.5.3 Key concepts of models

Key concepts of models are summarised in Table 6.4.

Models are used to communicate.

Models are used to manage complexity with a simplified representation of a complex
idea or application.

A model is an abstraction and a representation of part of the real world.

An abstraction is the process of stripping a system of its concrete or physical features
and shows only the essence at a certain level.

Models are categorised into different types depending on their purpose.

Models are used at various levels of system abstraction and models provide a way
of viewing only what the model indicates are the important aspects at a specific level
in such a manner that the essence of the system is depicted without the detail that
compromises the essence.

Modelling is often concerned with different system views.

Conceptual modelling is an abstract process that is used to create a simplified high-

level view or model of a system or problem situation.

Table 6.4: Key concepts of models
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6.3.6 Architectural views or structures

The architecture definition of Section 6.3.4 states that an architecture is
specified within a specific system context, and that an architecture is a
description of the system structure from a particular perspective or view.

In addition, Fowler [104] states that there is not just one way to state a
system’s architecture; rather, there are multiple architectures in a system,
and the view of what is architecturally significant is one that can change
over a system’s lifetime. In addition, Fowler [104] cites a mailing list post
by Ralph Johnson that illustrates the subjective nature of architecture:

Architecture is a subjective thing, a shared understanding of a
system’s design by the expert developers on a project. Com-
monly this shared understanding is in the form of the major
components of the system and how they interact. It is also
about decisions, in that it's the decisions that the developers
wish they could get right early on because they are perceived
to be hard to change. The subjectivity comes in here as well...
In the end architecture boils down to whatever is perceived to
be important.

System views include possible different levels of abstraction with regard
to system composition.

Bachman [12] identifies levels of abstraction as one of the guiding prin-
ciples in the creation of information system architectures. Levels of ab-
straction is used to study and understand systems and heterogeneous sets
of objects of which systems comprise. For instance, the first level of ab-
straction of Bachman [12] comprises the user’s model consisting of meta-
objects or the components of a specific organisation’s business model and
information system implementation. The second level of abstraction is the
business model comprising the objects of a comprehensive business in-
formation model and the objects of the implementation-oriented models
necessary to support it.

Pressman [196] uses four distinct steps representing different levels of
abstraction to design an architecture, namely the context, top-level abstrac-
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tions or archetypes, components within these abstractions and finally spe-
cific instantiations.

Although several authors argue that the similarity between the ar-
chitecture of a physical building and a software system is superficial
[18, 129, 161], it is worthwhile to note that, like a building, a software sys-
tem is a single entity. However, the software architect and the developers
find it helpful to model the system from different perspectives and these
perspectives or views clarify different aspects of the system. Some au-
thors describe each of these models as an architectural view of the system
[45, 104], whilst others consider that the views together form the architec-
ture [142] of the system.

Related to the notion of architectural views is the distinction made be-
tween system and software architectures discussed in the next section.

6.3.6.1 System and software architectures

The concepts system architectures and software architecture in essence
depict the same structure, however literature usually mentions software ar-
chitecture mainly because it emphasises the crucial nature of the decisions
made by an architect with regard to software composition [196]. When
developing a software architecture, system considerations are always im-
portant. A software architect will have to take the whole system with its
components, thus the system architecture, into account. The system ar-
chitecture is an abstraction on a higher level of the system than a soft-
ware architecture that depicts the software components within the system
with their relationships. In discussions about architecture, literature usually
mentions software architecture because most of the architect’s freedom is
presented by software choices, and not by system or hardware choices.
Hence authors feel justified to focus on the software architectural issues.

In this discussion about architectures, a distinction is made between
software and system in order to emphasise the perspective from which the
system is viewed. A system architecture is a model of the complete sys-
tem, whilst a software architecture only considers the software part of the
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system. When using the word architecture, either the software or system
architectures or both, are implied.

6.3.6.2 Key concepts of architectural views and structures

Key concepts of architectural views and structures are summarised in Table
6.5.

Models are used to manage complexity with a simplified representation of a complex
idea or application.

Architects and developers often model a system from different perspectives and these
perspectives or views clarify different aspects of the system. There is not just one
system architecture; rather, there are multiple architectures in a system, and the view
of what is architecturally significant is one that can change over a system’s lifetime.

What is significant is often subjective. Architecture boils down to whatever is perceived
to be important.

System architectures and software architectures are essentially the same, the differ-
ence is a matter of perspective. The distinction between software and system is made
in order to emphasise the perspective from which the system is viewed.

Literature mentions software architecture to emphasise the importance of the archi-
tect’s software choices, and therefore authors believe that they are justified by focusing

on the software architectural issues.

Table 6.5: Key concepts of architectural views and structures

6.3.7 Architecture descriptions

In this section the documentation mechanism for architectures as pre-
sented by Bass et al. [18] is discussed. The documentation headings
identified by Bass et al. are referred to as the major components of an
architecture. An architecture is regarded as the blueprint for both the sys-
tem definition, as well as the project team developing the system. Bass
et al. [18], p.201 states that documenting an architecture is the crowning
step to crafting it.

The first step in the documentation process is the definition and selec-
tion of the architectural view. A view is the representation of a coherent
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set of architectural elements depicted as a structure. Different views sup-
port different goals and uses. The particular view selected for documenta-
tion depend on the uses and users thereof. Bass et al. [18] divide views
into three groups namely module, component-and-connector and alloca-
tion. Module views indicate how the system is to be structured as a set
of modules. Component-and-connector views indicate how the system is
to be structured as a set of components with runtime behaviour and in-
teractions. The relation of the system to non-software structures such as
hardware or networks is depicted in allocation views.

6.3.7.1 Documenting a view

In this section a template for the documentation of a view, obtained from
Bass et al. [18] is described.

(1) Primary presentation

The primary presentation of a view depicts the elements or components
that populate the view. In addition, it presents the relationships among the
components. The primary presentation is usually graphical and should
contain a key that explains the notation used.

(2) Element catalogue

The element catalogue details the components and relations depicted
in the primary presentation.

(3) Context diagram

The context diagram contextualises the view under discussion and de-
picts how the view relates to its environment.

(4) Variability guide

The variability guide depicts possible variation points of the architec-
ture in the view under discussion. This includes different variations in de-
cisions contained in the architecture as well as possible options among
which a choice can be made. In a module view the possible options are
the various versions or parameterisations of modules. In the component-
and-connector view the options include constraints on replication, schedul-
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ing and choice of protocol. In an allocation view the options may include
the conditions under which a software component will be allocated to a
particular platform.

(5) Architecture background

The architecture background explains how the design reflected was
constructed and why it represent the system under observation. The de-
scription includes aspects such as the rationale, the results of analysis that
justify the design or explain the impact of modifications, as well as assump-
tions made.

(6) Glossary of terms

The glossary of terms contains all the terms relevant to the view to-
gether with a description of each.

(7) Other information

In this section, any additional necessary information such as manage-
ment information, authorship and version control or change histories, is
included.

6.3.7.2 Documenting behaviour

A view represents structural information about a specific perspective of
the system. However, during system development it is necessary to rea-
son about some dynamic system properties such as deadlock, for which a
structural description is not sufficient. Therefore, in addition to view docu-
mentation, certain behavioural properties of the system need to be docu-
mented where applicable [18].

6.3.7.3 Documenting interfaces

An interface is a boundary facilitating the meeting and interaction of two
independent entities. The interface of an element depicts those properties
of the element that are externally visible to other elements [18].

The documentation of an interface comprises the naming and identifi-
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cation (or signature) of the interface as well as capturing its syntactic and
semantic information. If an interface’s resources are invocable programs,
the signature names the programs with their parameters. Signatures can
be used to check for consistency (for example whether a program compiles
and links), however, a signature does not contain a guarantee about sys-
tem correctness or whether the system would operate successfully. This
information is contained in the semantics to the interface which is the infor-
mation about what happens when the resources are brought into play. The
interface to a component remains constant even when the implementation
of the component changes. This minimises implementation dependencies
and enforce functional dependencies.

An interface is documented with an interface specification that contains
aspects of the elements that the architects wish to make public. This in-
formation should be kept to a minimum to adhere to the principle of infor-
mation hiding, but has to be sufficient for the successful implementation
of the architecture. Possible headings in an interface specification include
interface identity, resources provided, data type definitions, exception defi-
nitions, variability provided by the interface, quality attribute characteristics
of the interface, element requirements, rationale and design issues as well
as a usage guide [18].

6.3.7.4 Documentation across views

This type of documentation captures information that applies to more than
one view of the system, or the system as a whole. This may include issues
such as the structure of the documentation pack, system information such
as the system purpose, a view catalog and the mapping between views,
the way views are related, a list of components and where they appear as
well as a glossary that applies to the whole architecture. Lastly this doc-
umentation will capture the rationale behind the design of the architecture
and why the architecture is structured in a specific manner.
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6.3.7.5 Key concepts of architectural descriptions

Key concepts of architectural descriptions are summarised in Table 6.6.

Documenting and describing an architecture is the crowning step to crafting it.

The first step when documenting an architecture is the definition and selection of the
architectural view. A view is the representation of a coherent set of architectural ele-
ments depicted as a structure. Different views support different goals and uses.

The second step is a description of the behaviour of the architectural elements.

Next it is necessary to document the interfaces of the architectural elements.

Lastly it is necessary to document the architectural view in relation to other identified
views.

Table 6.6: Key concepts of architectural descriptions

6.4 DESIGN AND EVALUATION CRITERIA FOR LAY-
ERED ARCHITECTURES

Figure 6.3 (p. 136) graphically depicts the logical process for the extrac-
tion of the evaluation criteria for layered architectures. All the definitions
and key concepts from the previous investigations repeated in the diagram
are combined so that the criteria for the evaluation mechanism can be ex-
tracted. The red hexagons in Figures 6.1, 6.2 and 6.3 depict an abstraction
or the crystallisation of concepts and definitions from a task or activity.

6.4.1 Extraction of the criteria

In Section 6.2.4 on p. 145 a layered architecture is defined as the result-
ing artefact of the layering technique which is an accepted best practice
used to decompose complex systems. Layering facilitates horizontal de-
composition of system functionality. In addition, a layered architecture is
an architectural pattern or type-of software architecture. This lead to an
investigation of the concept software architectures.

In Section 6.3.4 on p. 157 an architecture is defined as a model of
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a system within a specified context, depicting the components necessary
to realise the system from a particular perspective. The architecture of a
system includes the organisation or structure of the identified modular com-
ponents, their defining features or properties, as well as the relationships
and interfaces between components and outside entities.

The layers of a layered architecture are similar to the components or
groups of components in an architecture. In a layered architecture, the
relationships and organisation of the architectural components are repre-
sented by the stacking and sequencing of layers as depicted in a layered
architecture.

In addition, the key concepts extracted from all the supporting discus-
sions of the previous sections are used to identify the criteria. The key
concepts can be found in Tables 6.1 (p.143), 6.2 (p.152), 6.3 (p.157), 6.4
(p.160), 6.5 (p.163) and 6.6 (p.167).

The criteria identified are:

> Clearly defined context,

> Appropriate level of abstraction and hiding of implementation details,

> Clearly defined functional layers,

> Appropriate layering, including well-defined interfaces and dependen-
cies; and

> Modularity.

Figure 6.13 graphically depicts the relationship between the criteria and
the definitions for layered architectures and architectures. In Table 6.7 the
criteria with a short description of each are listed. Furthermore, Table 6.8
questions are listed together with each criterion in order to assist with the
creation of the evaluation mechanism.
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Evaluation Criteria

Description

Clearly defined context

The context is the result of the identified view that is used
to analyse the system. The context or view determines the
important aspects of the system at that level. It also aids
the identification of the main components required to re-
alise the system, the component properties, the structure
or organisation of the components, as well as the relation-
ships between the identified components.

Appropriate level of ab-
straction and hiding of
implementation details

The architecture model should be at a sufficiently high
level of abstraction so that the system or sub-system un-
der review can be viewed as a whole. Only the aspects
of the system that are relevant at a certain level of ab-
straction should be visible at that level. The hiding of im-
plementation details supports the notion of an appropriate
level of abstraction since implementation details should be
hidden in an architectural model.

Clearly defined func-

tional layers

This criterion relates to the determination of the archi-
tectural components and their grouping into the appropri-
ate layers. This grouping should be the result of func-
tional decomposition and should support system devel-
opment principles such as tight cohesion of related func-
tional components.

Appropriate layering, in-
cluding well defined in-
terfaces and dependen-
cies

This criterion relates to the organisation of the identified
layers. The layers must clearly build on one another
and their relationships and dependencies should be dis-
tinguishable. A layer should only access layers below it.
This criterion also includes the specification of dependen-
cies or access rules between layers, which is used to de-

termine whether the architecture is open or closed.

Modularity

Components and hence layers should be modular. It
should be possible to change the implementation of a
layer as long as interfaces and functionality remain the
same.

Table 6.7: Evaluation criteria for layered architectures
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Definitions Criteria

Figure 6.13: Extraction of criteria from architecture definitions.

6.4.2 Criteria framework or evaluation mechanism

In Table 6.8 the criteria are expanded to contain questions that can be
used to evaluate layered architectures. In the table possible questions to
be asked when evaluating each criterion are indicated by 'Q’.

AJ Gerber 170 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



CHAPTER 6: TOWARDS AN EVALUATION MECHANISM FOR LAYERED
ARCHITECTURES

Evaluation Criteria Description

Clearly defined con- | @ Is it possible to identify the context from the description of

text

the architecture?

Appropriate level of
abstraction and hid-
ing of implementation
details

Can the system within the context be viewed as a whole?
Are there any components/properties/relationships in the
architecture model that could be removed without losing
important information at this level of abstraction?

Are any implementation details visible in the description of
the components/properties/relationships/structures of the
architecture?

Clearly defined func-
tional layers

Does the layer description specify a function of the layer
within the system?

Is the function of the layer clear from its description and
position in the architecture?

Could the layer be removed without compromising the in-
tegrity of the system?

Appropriate layer-
ing, including well-
defined interfaces
and dependencies

Do the layers clearly build on one another?

Does a specific layer only require functionality defined by
lower layers and not those of upper layers?

Is it possible to determine whether the layered architecture
is open or close?

Modularity

Is it possible to replace the implementation of a layer with
another implementation of the same functionality and in-
terfaces without compromising the integrity of the layered
architecture?

Table 6.8: Evaluation criteria for layered architectures, including possible

questions for evaluation.
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6.5 THE EVALUATION OF LAYERED ARCHITEC-
TURES

The extracted evaluation criteria may be used to assist with the design
processes of new architectures or to evaluate existing ones. In order to
establish and demonstrate the usefulness and validity of these criteria, the
ISO/OSI architecture is evaluated as an accepted example of a layered
architecture that is used for the visualisation and design of network func-
tionality.

7 P Application Layer [
6 P Presentation Layer |
5 Session Layer

3 Network Layer

2 Data Link Layer

1P Physical Layer

Figure 6.14: The ISO/OSI network architecture [265].

Tanenbaum [220] defines a computer network as a collection of com-
puters, called hosts, that communicate with each other directly, or through
nodes or IMPs (interface message processors). Networks are generally or-
ganised as a hierarchy of layers where each layer performs a set of related
functions.

The ISO/OSI model separates the functionality required to implement
a network into seven different layers. These stacks are present on hosts.
A layer on one host conceptually facilitates communication with its corre-
sponding layer on another host, even though in practice the data is passed
vertically down the layers of the sending machine and up the layers of the
receiving machine as depicted in Figure 6.15 [117, 220].
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Figure 6.15: Communication between layers on the ISO/OSI network ar-
chitecture [220].

o] [

The ISO model has seven layers and therefore specifies seven proto-
cols. A protocol is defined as the rules governing layer conversations. The
rules governing layer k conversation are called the layer k protocol. Layers
are specified to be completely independent and no layer is aware of the
protocol detail used by other layers. The boundary between adjacent lay-
ers is called an interface. The layers, interfaces and protocols in a network
together form the network architecture [117, 220].

As stated, the ISO/OSI model separates the methods and protocols
required for network connectivity into seven different layers. Higher-layers
rely on services provided by a lower-level layer [117, 178, 265]. The layers
are ordered from bottom to top and include:

> The Physical Layer defines the manner in which signals are trans-
mitted among host machines on a network. The network device is
responsible for generating and receiving these signals.

> The Data link Layer partitions a stream of bytes from the physical
layer into a frame.lt implements error and flow control on frames. This
is generally implemented in the network controller hardware.

> The Network Layer encapsulates frames into packets that can be
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transmitted between hosts using a high-level addressing and routing
scheme. Some of this functionality is implemented in hardware, the
remainder will be implemented by means of appropriate software.

> The Transport Layer implements reliable packet delivery for its
users. It fragments and regenerates a stream of bytes from a collec-
tion of packets that is transmitted over a network layer. The transport
layer supports the network layer in maintaining routing tables.

> The Session Layer adds services to the byte stream such as high-
level naming and bi-directional transmission services. The session
layer is generally less defined than lower layers except in the case of
specific applications.

> The Presentation Layer handles tasks such as character mapping
and number conversion.

> The Application Layer: the functionality implemented in this layer is
application specific.

The ISO/OSI architecture model does not specify how layers are to be
implemented. Tanenbaum [220] notes that the model is a framework for
describing layered networks. The specification by Zimmermann [265] de-
scribes the concept of layering in considerable detail and introduces a uni-
form terminology. Finally, this specification describes the seven layers in-
cluding the purpose and functionality of each layer, as well as the services
the layer provides to higher layers. According to Tanenbaum [220], the
value of the ISO/OSI layered architecture lies in the specification of a uni-
form nomenclature and a generally agreed-upon standard to split network
activities into layers [178].

The ISO/OSI model is not a protocol standard, but by breaking the net-
work functionality up into layers, the model generates the framework for
protocol specifications of the different layers. The standards fall outside
the domain of the model and are often performed by third-party organisa-
tions. At present, the ISO/OSI model is widely integrated into network pro-
tocols, and an example thereof is the well-known Internet protocol TCP/IP
(Transmit Control Protocol/Internet Protocol) that is an implementation of
the network and transport layers of the ISO/OSI model [117].
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Criteria

ISO/0SI Architecture Model

Clearly defined con-
text

Conform to: The context of the ISO/OSI model is clearly
defined as an architecture for Open Systems Interconnec-
tion [265] or a model defined to assist with the develop-
ment of network protocols [220].

Appropriate level of
abstraction and hid-
ing of implementation
details

Conform to: All the layers required for network interaction
are identified and the network is represented as a whole.
The model does not specify implementation details. No
unnecessary information is displayed on any layer. No
unnecessary or implementation detail is visible on the ar-
chitecture description [195, 220, 265].

Clearly defined func-
tional layers

Conform to: All the layers have well-defined functional-
ity descriptions, and their position within the architecture
supports this functionality [265].

Appropriate layering,
de-
fined interfaces and

including well

dependencies

Conform to: Each layer build on the layer immediately
below and only on this layer, which means that the archi-
tecture is closed [265]. In the model, a logical interface
is specified for each layer [265], and the protocols which

are implementations of layers in the model have detailed
interface specifications [117, 220].

Modularity Conform to: There are different implementations of the

layers and these can be interchanged without negatively

influencing the integrity of the architecture [117, 195].

Table 6.9: Evaluation of the ISO/OSI layered architecture.

It is beyond the scope of this section to enter into a detailed discussion
of the layers and the different protocols that were specified to implement
the layers. It suffice to provide references in Table 6.9 that depicts the
evaluation against the criteria of Section 6.4.2 on p. 170.

Using the proposed criteria, it is established that the 1ISO/OSI model
clearly conforms to all specified criteria. Thus it is possible to conclude that
the existing ISO/OSI layered architecture is well designed. The ISO/OSI
model is a well accepted industry framework, and is regarded as a proven
architecture through several generally accepted adoptions. Examples of
such adoptions include the X.21 and RS232-C protocols on the physical
layer, HDLC (High-level Data Link Control) or SDLC (Synchronous Data
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Link Control) as a data-link protocol, X.25 as a network protocol, and
TCP/IP protocol, which is an implementation of the network and transport
layers [146, 195, 220].

In addition, it can be stated that the evaluation mechanism is useful and
valid for the evaluation of layered architectures, and that the mechanism
can therefore be used to evaluate and design a comprehensive and func-
tional layered architecture for the Semantic Web.

6.6 CONCLUSION

The results of the research presented in this chapter comprise an eval-
uation mechanism for layered architectures. This evaluation mechanism
consists of criteria that were extracted from an investigation into the use
of layered architectures, the descriptions and definitions that exist within
literature of layered architectures, as well as in-depth investigation into the
concept architecture with its associated concepts. In order to demonstrate
the efficacy of this evaluation mechanism, the ISO/OSI layered architecture
obtained from literature was assessed. The result confirmed the notion that
this criteria list could assist researchers and system architects to evaluate
and design architectures in general, and layered architectures in particular.

The research results contained in this chapter were presented at the
MSVVEIS Workshop hosted at the 8th International Conference on Enter-
prise Information Systems (ICEIS’06), Paphos, Cyprus, on 23-27 May 2006
and were published in the conference proceedings [107].

In this chapter, the principles for the construction of a comprehensive ar-
chitecture were established, whilst in the previous chapter (Chapter 5) the
components for the construction of a functional architecture were estab-
lished. Within the next chapter, Chapter 7, the comprehensive and func-
tional layered architecture for the Semantic Web is constructed and the
findings of this chapter and Chapter 5 are used as building blocks.
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7.1 INTRODUCTION

In this chapter the development of a comprehensive and functional lay-
ered (CFL) architecture for the Semantic Web is discussed. The research
question relevant to this chapter is How can the proposed Semantic Web
layered architecture be adapted to be comprehensive and functional, and
conform to the criteria identified for layered architectures?

The supporting questions that are of concern in this chapter are:

> What is the result of the evaluation of the current Semantic Web ar-
chitecture against the established criteria of Chapter 67

> How can the current Semantic Web architecture be adapted to con-
form to the established criteria for layered architectures?

> What are additional design principles that should be considered in the
development of a CFL architecture for the Semantic Web?

In order to develop a comprehensive and functional layered (CFL) ar-
chitecture for the Semantic Web, the present versions of the Semantic
Web layered architecture are evaluated using the evaluation mechanism
for layered architectures developed in Chapter 6. This evaluation is dis-
cussed in Section 7.2. Additional requirements that the development of
the CFL architecture should consider, are discussed in Section 7.3. The
suggested adaptations required for the development of a CFL architecture
are discussed in Section 7.4. In order to comment on the structure of
the suggested CFL architecture for the Semantic Web, this architecture is
evaluated using the established evaluation mechanism from Chapter 6 in
Section 7.5. The chapter is concluded in Section 7.6.

7.2 THE EVALUATION OF THE SEMANTIC WEB
LAYERED ARCHITECTURE

The departure point for the development of a CFL architecture for the Se-
mantic Web is the present versions of the Semantic Web architecture as
proposed by Berners-Lee [28, 31, 34, 35]. These four versions of the ar-
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chitecture, labelled V1, V2, V3 and V4, were discussed in Chapter 3 and
are depicted in Figure 7.1. For this discussion, all four versions (V1-V4)
are collective referred to as the Semantic Web layered architecture. Where
required, a distinction is made by referring to a specific version using the
applicable version V1 to V4 label.

Version V2 —

Version V1

Digital Signature

Unicode

Version V4
| User Interface & applications |

Version V3

RDF Core
| um | Unicode | R | Ueode

Figure 7.1: The versions of the Semantic Web layered architecture.

To determine shortcomings of the present Semantic Web layered ar-
chitecture, the evaluation criteria for layered architectures as established
in Chapter 6 (section 6.4.2, p.170) are used to evaluate the architecture.
These evaluation criteria for layered architectures are:

> A clearly defined context,

> An appropriate level of abstraction and the hiding of implementation
details,

> Clearly defined functional layers,

> Appropriate layering, including well-defined interfaces and dependen-
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cies; and
> Modularity.

A summary of the evaluation result is presented in Table 7.1, and the re-
mainder of this section (Section 7.2.1 to 7.2.5) expands on the reasons for
conformance or non-conformance of the present Semantic Web layered
architecture to the evaluation criteria.

Criteria

Semantic Web Architecture

Clearly defined con-
text

Conform to: The context for the Semantic Web layered
architecture is accepted to be the languages required to
implement the Semantic Web.

Appropriate level of
abstraction and hid-
ing of implementation
details

Does not conform to: It is possible to argue that the
whole Semantic Web language architecture is visible.
However, the layers of the Semantic Web layered archi-
tecture (in all four versions) define functionality as well as
existing W3C technologies.

Clearly defined func-

Does not conform to: In the Semantic Web layered ar-
chitecture, the higher layers define functionality while the
bottom layers specify existing W3C technologies (such as
XML and RDF). This is the case for all the versions of
the Semantic Web layered architecture. In addition, the
functionality of each layer is not clearly defined.

tional layers
Appropriate layer-
ing, including well-

defined
and dependencies

interfaces

Does not conform to: The layers in the Semantic Web
layered architecture do not clearly build on one another.
It is not clearly specified what the requirements of upper
layers with regard to their lower layers are, and it is not
possible to establish whether any version is an open or
closed architecture. It is not clear what the meaning is
of vertical layers, or side-by-side layers depicted in the all
the different versions of the architecture.

Modularity

Undefined: It is not possible to determine the modularity
of the Semantic Web layered architecture since the func-
tionality of the layers is not defined.

Table 7.1: Evaluation of the Semantic Web layered architecture.
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7.2.1 Clearly defined context

The evaluation question associated with this criterion (section 6.4.2) is:

Q Is it possible to identify the context from the description of the archi-
tecture?

The context of the Semantic Web layered architecture is stated to be
the languages required to implement the Semantic Web, or in other words,
the languages necessary to describe the machine-processable informa-
tion containing the meta-data descriptions of Web resources. Fensel [99]
refers to the V1 architecture as the layer language model for the Web, while
Hendler [123] refers to the V1 architecture as the Semantic Web “layer
cake” and further describes this architecture as a model that shows the
proposed layers of Semantic Web languages. Antoniou and von Harmelen
[6], p.17-18 refer to the V1 architecture as ... the “layer cake” of the Se-
mantic Web (due to Berners-Lee), which describes the main layers of the
Semantic Web design and vision and they similarly refer to the content of
each layer as a language.

Berners-Lee [33] refers to the V2 version of the Semantic Web layered
architecture as a stack of expressive power and he then subsequently dis-
cusses the language technologies of the different layers as providing in-
creasing expressiveness. When Berners-Lee [34] presented the V3 archi-
tecture in 2005, he explicitly depicted the Semantic Web layered architec-
ture within the context of Web languages and Semantic Web languages.

The current Semantic Web layered architecture thus conforms to this
criterion since the context is defined.

7.2.2 Appropriate level of abstraction and hiding of implemen-
tation details

The evaluation questions associated with this criterion (according to Sec-
tion 6.4.2) are:

@ Can the system within the context be viewed as a whole?
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Q) Are there any components/properties/relationships in the architec-
ture model that could be removed without losing important informa-
tion at this level of abstraction?

@ Are any implementation details visible in the description of the com-
ponents/properties/relationships/structures of the architecture?

It is possible to argue that the Semantic Web language architecture
could be viewed as a whole within the context of the languages required.
However, it is appropriate and commendable to remove information from
the model. The top three layers define functionality, but the rest of the
layers specify existing technologies rather than functionalities. The appro-
priate level of abstraction implies that an architecture depicts system func-
tionality, and the technology detail depicted in all versions of the Semantic
Web layered architecture implies that the architecture does not conform to
this criterion.

In addition, to conform to this criterion, an architecture should hide im-
plementation details. Referring to Figure 7.1, it is evident that the bottom
layers in all versions depict technologies or implementation specifications
rather than the necessary functionalities required to implement the lan-
guage architecture. In addition, it is not clear what the function and in-
terface pertaining to the vertical layers such as Digital Signatures in V1,
as well as Signature and Encryption are, neither why Unicode and URI
appear as two side-by-side layers on the bottom layer of all versions. All
these layers depict implementation details rather than functionality

It is thus possible to motivate non-conformance of the current Semantic
Web layered architecture to this criterion.

7.2.3 Clearly defined functional layers

In order to evaluate conformance or non-conformance to this criterion, the
following questions could be asked (section 6.4.2):

@ Does the layer description specify a function of the layer within the
system?
Q Is the layer’s function clear from its description and position in the
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architecture?
@ Could the layer be removed without compromising the integrity of
the system?

The upper layers of the Semantic Web layered architecture (in all ver-
sions) define functionality. It is often not clear whether these are in relation
to languages as the architecture context specifies, or applied functionality
necessary to demonstrate the W3C technology initiatives. An example of
this is Rules. Version V1 does not depict Rules and in version V2 Rules is
depicted above Ontology. However, both versions V3 and V4 depict Rules
residing next to OWL. The motivation thereof seems to be the Rules:RIF
initiative of the W3C. Therefore, even though the caption Rules signifies
functionality, it is used in versions V3 and V4 in a manner that is inconsis-
tent with the system functionality required to implement the languages of
the Semantic Web.

As stated, the bottom layers specify existing technologies (such as XML
and RDF) rather than the functions embodied by these layers. The function
of Digital Signatures or Signatures (versions V1, V2 and V3), Unicode and
URI (all versions) is also not clear from its positioning on the architecture.

It is possible to remove, for instance, any security related vertical layer
in any of the versions of the Semantic Web layered architecture without
compromising the integrity of the system as regards to the languages of
the Semantic Web.

In summary, several layers in the Semantic Web layered architecture
(versions V1 to V4) do not depict a system functionality. In addition, the
function of several layers is not always clear from their position in the archi-
tecture, and lastly, it is possible to remove certain layers without compro-
mising the system. Hence, it is possible to motivate the non-conformance
if the Semantic Web layered architecture to this criterion.

7.2.4 Appropriate layering

Conformance or non-conformance to this criterion could be evaluated using
the following questions (section 6.4.2):
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Q@ Do the layers clearly build on one another?

@ Does a specific layer only require functionality defined by lower lay-
ers and not that of upper layers?

Q Is it possible to determine whether the layered architecture is open
or closed?

This criterion includes the specification of dependencies. The layering
of functionalities in the present Semantic Web layered architecture is not
apparent. The presence of vertical and side-by-side layers in all versions
of the architecture immediately implies that layers do not clearly build on
one another.

In particular, it is not clearly specified in any version what the require-
ments of upper layers with regard to their lower layers are, nor is it possible
to establish whether this is an open or closed architecture.

It is therefore possible to motivate the non-conformance of the present
Semantic Web layered architecture to this criterion.

7.2.5 Modularity

The conformance or non-conformance to this criterion could be determined
using the following question (section 6.4.2):

Q Is it possible to replace the implementation of a layer with an-
other implementation of the same functionality and interfaces with-
out compromising the integrity of the layered architecture?

It is possible to argue that the conformance of the Semantic Web lay-
ered architecture with this criterion is undefined since the functionality of all
the layers, especially lower layers that depict technologies, has not been
determined. For example, Layer 1 in all the versions of the architecture
depicts Unicode and URI and the function of these technologies within the
Semantic Web is not defined by the architecture. Alternatively, if an indica-
tion of conformance or non-conformance is required, it is possible to argue
non-conformance of the Semantic Web layered architecture to this crite-
rion since modularity specifies that the implementation of a layer can be
replaced with another implementation without compromising the integrity
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of the layered architecture. The technologies depicted on the lower layers
of all versions of the layered architecture cannot be replaced with alter-
native implementations, which implies non-conformance to the modularity
criterion.

7.2.6 Concluding remarks

In this section it is argued that all versions of the proposed Semantic Web
layered architecture do not comply with the majority of the established eval-
uation criteria for layered architectures. The Semantic Web layered archi-
tecture is specified within the context of the languages necessary to imple-
ment the Semantic Web, but the architecture fails to conform to criteria with
regard to abstraction, layering, functionality description and modularity.

7.3 ADDITIONAL REQUIREMENTS

The evaluation and development of the Semantic Web layered architecture
using the established criteria for layered architectures represent a top-down
process. Alternatively, in this section specific principles are scrutinised and
possible refinements to the architecture from a bottom-up perspective are
investigated. The design principles were obtained from the W3C architec-
ture initiatives and the ISO/OSI architecture definition.

7.3.1 W3C design principles

As part of the ongoing W3C design initiatives, Berners-Lee argues for the
inclusion of certain Software Engineering design principles into W3C de-
sign efforts, and he identifies four principles namely simplicity, modularity,
decentralisation and tolerance [29]. These design principles are discussed
in more detail in Section 3.4 (p.70).

In summary, simplicity strives to use only a few basic elements to
achieve the required results. Modularity suggests a system design ad-
hering to loose coupling and tight cohesion of system elements. Decen-
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tralisation avoids any common point that may be a single point of complete
failure. Tolerance specifies liberal requirements and conservative imple-
mentations. In this section the integration of these design principles into a
proposed layered architecture of the Semantic Web, is discussed.

7.3.1.1 Integration with the Semantic Web CFL architecture require-
ments

The simplicity and modularity design principles of the W3C are supported
by the already established criteria for layered architectures, specifically
functional layers, appropriate level of abstraction and modularity. There-
fore, when a proposed Semantic Web layered architecture (the CFL archi-
tecture) adheres to the criteria of the evaluation mechanism, the simplicity
and modularity W3C design principles will be supported.

The tolerance principle is applicable when specifying the functionality
contained within a layer, and the functionality descriptions of the layers will
have to be evaluated against this principle continuously.

Decentralisation is a principle that is applicable on the deployment level
of the Web or Semantic Web. This principle would be relevant for the def-
inition of ontologies or knowledge bases on the Semantic Web. To adhere
to this principle, it is preferable that not one, but several ontologies within a
domain and across domains are specified, even if it will result in terminol-
ogy conflicts.

7.3.2 1ISO/OSI design principles

Section 6.5 concluded that the layered ISO/OSI (International Organisation
for Standardisation / Open Systems Interconnection) architecture conforms
to the evaluation criteria for layered architectures. In order to refine a pro-
posed Semantic Web layered architecture (the CFL architecture), in this
section the ISO/OSI architecture model as defined by Zimmermann [265]
in OSI Reference Model - The ISO Model of Architecture for Open Systems
Interconnection, is scrutinised.
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The ISO/OSI layered architecture model was developed due to the iden-
tification of an urgent need for standardisation by the ISO for protocols that
would allow for the composition of heterogeneous computer networks. The
model was developed as a layered architecture for open systems intercon-
nection, which could serve as a framework for the definition of standard
protocols [265]. The architecture is not a specification in itself, to be more
precise, it is considered a framework for specifying layered networks. Zim-
mermann [265] discusses the adopted concepts of the generally agreed-
upon layering in the architecture in considerable detail, and introduces a
uniform terminology or nomenclature [220].

The initial experimental development of computer networks such as
ARPANET was rapidly followed by computer manufacturers’ network imple-
mentations. The universal need for interconnecting systems from different
manufacturers rapidly became apparent, which lead to the establishment
of the ISO activities for the development of standards required for Open
Systems Interconnection (OSI) [265]. Open here means that an implemen-
tation conforms to the international standards and that it should be open to
any global system obeying the same standards [195, 265].

The basic objective of the ISO/OSI model is to standardise the rules of
interaction between interconnected systems. Thus, only the external be-
haviour of Open Systems should conform to the architecture [265]. The
internal organisation and functioning of each individual system fall outside
the scope of the ISO/OSI model since these are not visible from other sys-
tems with which such a system interconnects. [195, 265].

7.3.2.1 Layering principles

In the ISO/OSI model description, Zimmermann [265] discusses the mean-
ing of layers in substantial detail. Layering is seen as a structuring tech-
nique which permits the network of Open Systems to be viewed as logi-
cally composed of a succession of layers, each wrapping the lower layers
and isolating them from the higher layers [265]. Each individual system is
viewed as a logically composed succession of layered subsystems. Using
another view, a layer can be viewed as a logically composed subsystem of
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the same rank in all the interconnected systems [265]. The aspects of lay-
ered architectures described below were identified by Zimmermann [265]:

> Value addition:
In a layered architecture, each layer adds value to services provided
by the set of lower layers in such a way that the highest layer is offered
the set of services it requires for its applications. Layering thus divides
the total problem into smaller pieces.

> Independence and modularity:
Independence of each layer is ensured by defining services provided
by a layer to the next higher layer, regardless of how these services
are implemented. This technique correlates with structured program-
ming design where only the functions performed by a module (and
not its internal functioning) are known to its users. Independence and
modularity enable changes of functions or protocols within a layer
without affecting the other layers. In addition, this aspect permits
changes to be made in the way a layer or a set of layers operate, pro-
vided such layers still offer the same services to the next higher layer.
This principle also endorses the creation of layers with localised func-
tions in such a manner that any layer could be completely redesigned
with major protocol changes to take advantage of advances in ar-
chitectural, hardware, or software technology without changing the
services and interfaces with the adjacent layers.

> Simplicity:
This principle guides the number of layers. There should not be so
many layers that the system-engineering task describing and integrat-
ing the layers become cumbersome.

> Functional layering:
Functional layering implies that separate layers are created to han-
dle different functions of the process performed or the technology
involved. Similar functions should be collected into the same layer.
A separate layer should only be created when there is a need for a
different level of abstraction in the handling of any data, e.g., mor-
phology, syntax, semantics.
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> Interface:
This principle implies that, for each layer, interfaces with only its upper
and lower layer are established. A boundary should be created at a
point where the description of services is small where and the number
of interactions across the boundary is minimised. A boundary exists
between layers, and the specific boundary between adjacent layers
is called an interface. A boundary should be created where it may be
useful to have the corresponding interface standardised.

> Sub-layers:
The principle of sub-layers implies that further sub-grouping and or-
ganisation of functions to form sub-layers within a layer should be cre-
ated in cases where distinct communication services require it. Two
or more sub-layers with a common, and therefore minimum, func-
tionality should be created where required in order to allow interface
operation with adjacent layers. It should be possible to bypass sub-
layers.

7.3.2.2 Integration with the Semantic Web CFL architecture require-
ments

The value addition, independence and modularity, simplicity, functional lay-
ers and interface principles of the ISO/OSI architecture are captured by
the evaluation mechanism criteria descriptions and conform to the general
principles of layering as discussed in Section 6.2. However, sub-layers add
an additional principle that could enhance the model, and it is worthwhile
to consider this during the development of the proposed Semantic Web
layered architecture (the CFL architecture).

As regards the approach followed for the development of the ISO/OSI
architecture, it is worthwhile to analyse the situation at the time of its de-
velopment. As discussed in section 7.3.2, several network protocols were
being developed at the time by different vendors [220], and it is plausible to
speculate that a network architecture depicting these standards could be
presented as architecture (1) in Figure 7.2.

There is a recognisable similarity between the two architectures de-
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picted in Figure 7.2, which represents a network layered architecture with
protocols, and (for demonstration purposes) the V1 Semantic Web layered
architecture. Both architectures depict technologies on the lower layers
and functionalities on higher layers.

> Application

-

I Presentation

|
|

ﬂ\ @ Trust
ﬂ || Proof
Ontology vocabulary

Digital Signature

[ Unicode

ISOIOSI Layered Architecture Technologies Semantic Web Layered Architecture (V1)

Figure 7.2: Layered architectures depicting technologies.

It is also possible to speculate that, had the only network architecture at
the time of the development of the ISO/OSI architecture been similar to (1)
in Figure 7.2, there would have been many discussions about layering and
the implementations of different specifications in literature, as is presently
the case with the Semantic Web (refer to Section 3.2, p.55).

Thus, the role played by the ISO to abstract functionalities required for
a network into the seven defined layers of the ISO/OSI layered architecture
was fundamental in order to realise network interconnectivity. This ab-
straction of network functionality into the ISO/OSI layered architecture had
a considerable effect on the development, standardisation and acceptance
of network protocols, and very few debates on the layering of technologies
were ever published. The ISO/OSI layered architecture enabled the devel-
opment of different and diverse protocol standards for the different layers
that could still interconnect and interoperate in spite of their differences.

A similar approach to that of the ISO with the creation of the ISO/OSI
layered architecture is recommended in this thesis. The abstraction of the
language functionality required for the implementation of the Semantic Web
into a functional layered architecture could prove to be valuable for the re-
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alisation of the Semantic Web and could ensure data interoperability. Such
a layered architecture could serve as a framework for the development of
language standards in a way similar to the ISO/OSI architecture, which
serves as a framework for protocols to ensure network interoperability.

7.4 TOWARDS A COMPREHENSIVE AND FUNC-
TIONAL LAYERED (CFL) ARCHITECTURE FOR
THE SEMANTIC WEB

The criteria developed in Section 6.4.2, the additional design principles of
Section 7.3, as well as the reasons for the non-adherence of the present
Semantic Web layered architecture of Berners-Lee (encompassing all ver-
sions) as presented in Section 7.2, are combined in order to propose a
comprehensive and functional layered architecture for the Semantic Web,
for reference purposes dubbed the CFL architecture in this thesis. The CFL
architecture is presented in Figure 7.3.

When referring to the present Semantic Web layered architecture of
Berners-Lee, all versions of the architecture are, by implication, included
(Figure 7.1). When a specific version of the Semantic Web layered archi-
tecture has to be identified, it is referred to by using the V1 to V4 indicator
for versions 1 to 4 respectively.

The proposed CFL architecture for the Semantic Web varies from the
previously suggested versions (V1-V4) of the architectures mainly because
it adheres to the evaluation criteria for layered architectures as established
in Section 6.4.2. In addition, it is noticeable that the CFL architecture ab-
stracts and depicts related functionalities rather than the W3C technologies
used to instantiate these functionalities. In the remainder of this section the
adaptations according to the clarification of the architecture context, as well
as the abstraction of functionalities and the development of a security stack,
are discussed. In Section 7.4.5 detail on the functionality of the layers is
provided.
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Figure 7.3: The proposed CFL architecture for the Semantic Web com-
prises two orthogonal architecture stacks, the language
stack and the security stack.

7.4.1 The clarification of the architecture context

The architecture of a system defines the main components and their re-
lationships as per the definition in Section 6.3.4. In order to describe a
system with regard to its components and the relationships between the
components, it is necessary to state the context of the architecture clearly.

The context of the Semantic Web layered architecture is accepted to be
the language functionalities required to implement the Semantic Web (refer
also to Section 7.2.1). The present Semantic Web layered architecture
does conform to this criterion, although the context is not stated as clearly
as preferred.

For context specification, the emphasis should be on the language func-
tionality in favour of the language technologies that could be used to im-
plement a functionality. In the architecture proposed in Figure 7.3 all the
layers in both the language and security stacks represent functionalities.
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7.4.2 The abstraction of functionalities

All layers in the proposed CFL architecture for the Semantic Web should
portray the functionalities necessary to implement the languages of the
Semantic Web. At present only the upper layers in the present Semantic
Web layered architecture (all four versions) as depicted in Figure 7.1 define
functionality, the remainder of the layers specify existing W3C technologies
rather than functionalities.

This discussion builds upon the functional status model as developed in
Chapter 5 (section 5.5 p.125). From the abstraction of the functionalities
from the related technologies, it is proposed (as a first iteration) that:

> Unicode and URI be replaced with Unique Identification Mechanism.
Unicode aims to uniquely identify all the characters in all the written
languages of the world [71] and URI endeavours to uniquely identify
any object with a character string [37]. Together, the functionality of
these technologies could be described as the provision of a unique
identification mechanism within the language stack for the Semantic
Web.

> XML, XML Schema and Namespaces are depicted as Syntax De-
scription Language. XML (Extensible Markup Language) provides a
W3C standard for the exchange of data over various networks, espe-
cially the Web or WWW [257]. An XML schema is an XML document
that defines the content and structure of one or more derived XML
documents [233—-235]. XML Namespaces provide a simple method
for qualifying element and attribute names used in XML documents
by associating them with Namespaces identified by URIs [46]. These
technologies provide a syntax language for among others, the envi-
sioned Semantic Web.

> RDF is replaced by the Meta-data Data Model function. RDF is a
W3C Recommendation designed to standardise the definition and
usage of meta-data with a simple data model. This layer therefore
provides a mechanism to model the meta-data required to implement
the Semantic Web.

> RDF Schema should be integrated into the Ontology function. RDF
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Schema provides a predefined, basic type system for RDF models,
and provides, although limited, a mechanism to add semantics to
meta-data or to represent knowledge. RDF Schema extends RDF
by providing an externally specified semantics to specific resources
[231, 243].

If these changes are implemented, the criterion stating the appropriate
level of abstraction will be adhered to because each layer depicts only the
functionality required for that layer within the context of the languages for
the Semantic Web. As a result the system under review (the languages for
the Semantic Web) can be regarded as a whole and only the aspects that
are relevant for a specific layer are visible.

In a layered architecture, upper layers access the functionality of lower
layers by means of interfaces to the functionality provided by the lower
layers. An interface is the mechanism through which the functionality of a
specific component is invoked and through which data input and output are
achieved [196].

Concerning the technologies depicted in the present versions of the Se-
mantic Web layered architecture, the following observations regarding in-
terfaces can be made:

> The specifications and/or Recommendations of the IETF and W3C
could be regarded as interface specifications to these technologies.
For example, the XML Recommendation [50] describes in detail how
to serialise or encode any data by means of XML.

> The depicted technologies including the W3C Recommendations do
not encapsulate functionality. In order to use any of these technolo-
gies, applications that implement the technology specifications have
to be developed. For example, a parser or serialiser is necessary
to use, interpret or generate XML data. This is one of the stumbling
blocks of the realisation of the Semantic Web at present because few
of these technology applications exist.

> The technology application that implements a standard would de-
fine interfaces to functions it provides. For instance, the XML Rec-
ommendation [50] defines clearly what a well-formed XML textual
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object is. The XML application could therefore define an interface
CheckWellFormed (AnObject:textobject) that would check whether
the provided text object is well-formed.

With regard to the interfaces of layered architectures, Garlan and Shaw
[105], p.11 maintain that:

Layered systems have several desirable properties......they
support reuse. Like abstract data types, different implementa-
tions of the same layer can be used interchangeably, provided
they support the same interfaces to their adjacent layers. This
leads to the possibility of defining standard layer interfaces to
which different implementors can build. (A good example is the
OSI/ISO model and some of the X Window System protocols.)

In order to specify such interfaces within the CFL architecture, the func-
tionality and components within each layer should be defined unambigu-
ously. Once the components that implement the functionality are specified,
the definition of its interfaces will be a pre-requisite for the implementation
of the Semantic Web language architecture. The specification of clearly
defined interfaces is therefore one of the aspects of the architecture that
needs to be addressed in future research.

7.4.3 The development of a security stack

Security aspects do not play a functional role within, specifically, the /lan-
guage stack of the proposed Semantic Web architecture (Figure 7.3).
Therefore the development of a separate, parallel architecture to implement
the security functionality required for the Semantic Web is proposed. How-
ever, this parallel security architecture is required to interface with the lan-
guage architecture. In the proposed CFL architecture, the security based
layered architecture is depicted as adjacent to the language architecture.

Figure 7.3 depicts an orthogonal, multi-dimensional architecture with
different views (as discussed by Bass, Clements and Kazman [18], Fowler
[104], Jacobson, Booch and Rumbaugh [142]). One of these views is the
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security stack. In addition, the structure of the layered architecture implies
that the upper layers use only part of the functionality defined by the inter-
faces of the immediate lower layer.

In order to be consistent with the definition of functionality components,
it is proposed that Digital Signatures be replaced with Identity Verification
Mechanism.

The four versions (V1-V4) of the present Semantic Web layered archi-
tecture of Berners-Lee depict vertical layers focusing on security aspects
on the right hand side, such as Digital Signatures in V1, Signatures and
Encryption in V2 and V3, and Crypto in V4. It is possible to argue that
these specific vertical layers support the notion of an alternative security
view other than that of the language layers. Thus, in the proposed CFL
architecture for the Semantic Web, an orthogonal architecture depicting
security functionality, is presented. Even though these security technolo-
gies are not part of the language architecture of the Semantic Web, they
are indispensable for the eventual realisation of the Semantic Web.

General security principles have to be incorporated in the development
of the security stack. Security encompasses at least the following aspects
[230]:

> Integrity: ensures that the data is not altered in transit.
> Confidentiality: ensures that only the intended recipient accesses
the data being exchanged.
> Authenticity: ensures that the data was sent by the person who
claims to be the originator.
> Non-repudiation: ensures that the sender of data cannot deny send-
ing it.
These aspects need to be integrated into the security functionality of all
layers of the Semantic Web. At present it is possible to derive what, for
instance, Integrity would entail in reference to the Unique Identification,
Syntax Description and Meta-data Data Model language layers. Integrity
ensures that the data should not be altered in transit between communi-
cators that interact on these language layers. However, Ontology layer
functionality includes the possibility to derive data, and it not clear how de-
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rived data influences the Integrity security aspect on the Semantic Web.
Future research should address the incorporation of the mentioned secu-
rity aspects on each layer of the Semantic Web. Refinement of the security
architecture for the Semantic Web therefore remains a topic for future re-
search.

At present, no publication specifically addressing a security architecture
for the Semantic Web could be found in literature or the activities of the
W3C, even though there is active interest amongst researchers in related
security aspects of the Semantic Web. For example, Ashri, Payne, Marvin,
Surridge and Taylor [8] support the development of a Semantic Web se-
curity infrastructure that combines conventional security solutions with the
ability to reason about security at the semantic level. Yague, Mana, Lopez
and Troya [263] argue for the application of Semantic Web concepts and
technologies to access control. Nejdl, Olmedilla and Winslett [176] extend
research on policy languages for trust and security requirements to access
control policies controlled at run time for trust establishment.

Within the activities of the W3C, XMLSig or XML Signature [251] is a
W3C Recommendation that specifies how to achieve integrity, message
authentication and/or signer authentication services for XML data. On the
other hand, XMLEnc or XML Encryption [139] provides end-to-end secu-
rity for applications that require secure exchange of structured data. XML
Encryption specifies that each participant in the data exchange can main-
tain secure or insecure states with any other communication participants.
In addition, both secure and non-secure data can be exchanged in the
same document [139]. Furthermore, the W3C initiated a Security Activity
[256] that focuses on the challenges that arise when Web users encounter
currently deployed security technology. The formulation of initiatives that
address specific security aspects pertaining to the Semantic Web is a re-
quirement for future W3C activities.

7.4.4 The layered structure

The proposed CFL architecture retains the triangular structure depicted in
the present versions of the Semantic Web layered architecture (Figure 7.1).
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However, in contrast with the present versions of the Semantic Web lay-
ered architecture where the meaning of the structure is not defined, the
structure of the CFL architecture implies that applications or systems could
exchange data on any layer as discussed in section 2.4.2. In addition, a
layer may be represented by more technology functionality than what is re-
quired by upper layers. For instance, in the case of Layer 2, XML with its
associated technologies, such as DTD and XML Schema is regarded as
an instantiation of the Syntax Description Language layer. Any application
exchanging XML data will probably use XML with one or more of the as-
sociated technologies such as XML Schema. However, its upper layer (the
Meta-data data model) only requires XML, which is the reason for a wider
Syntax Description Language Layer than a Meta-data Data Model Layer.

Applications Yok o Applications
and GUIs - and GUIs

Rules Rules

Ontology<=P Ontology

Meta-data Data Model <@=3»- Meta-data Data Model
Syntax Description Language Syntax Description Language
Unique Identification Mechanism - Unique Identification Mechanism

Figure 7.4: Applications and GUIs can be implemented to interface at

any layer with the architecture. However, both sides must
use a similar implementation of the chosen interaction layer.

Figure 7.4 depicts Applications and GUIs that are able to interface with
any layer on account of the triangular structure (in contrast with V4 of the
layered architecture by Berners-Lee depicted in Figure 7.1 (p.183) where
User Interface and Applications are only depicted as the uppermost layer,
Layer 8). However, the exchange of data, information or knowledge be-
tween applications (refer to Section 2.4.2) require a similar implementation
of the layers within each application as depicted by the horizontal arrows in
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Figure 7.4.

7.4.5 The definition of layer functionality

In this section, a more detailed discussion of the functionality to be con-
tained in each layer of the proposed Semantic Web architecture, is pre-
sented. This functionality is derived from the definitions of the Semantic
Web as discussed in Chapter 2 (Section 2.3.1 the present Semantic Web
layered architecture as discussed in Chapter 3 (Section 3.2), and the tech-
nology discussions contained in Appendix A (p.281).

Conforming to the principle of value addition, the layers increasingly
specify functionality required to describe meaning, or add semantics to
data. It is a prerequisite that the layer implementations of the specific layer
with which applications choose to communicate, are implemented similarly
in both applications as depicted by the arrows in 7.4. For example, if sys-
tems communicate at a specific layer within the ISO/OSI architecture, the
implementation of the protocol on that layer should be the same (refer to
Figure 7.5). Using the proposed CFL architecture for the Semantic Web,
system developers may therefore decide to allow applications to communi-
cate at different layers, however the instantiation of the technology used at
the layer of communication should be similar.

7.4.5.1 Unique identification mechanism

The function of this layer within the Semantic Web architecture is to
uniquely identify resources used. Any discussion about data or meaning
on the Web will have to uniquely identify the resources under discussion.
Unique identification entails two aspects, namely unique representation
and unique encoding.

Unigue representation of any resource is required before the meta-data
of the specific resource can be captured. On the Semantic Web, an ad-
ditional requirement for any unique representation method is that it should
be universal. The Semantic Web is not restricted by geographical bound-
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Figure 7.5: Communication at different layers of the ISO/OSI architec-
ture. At the layer at which the applications decide to commu-
nicate, the protocol implementation should be the same.

aries, and any mechanism that uniquely represents a resource, should do
so globally.

Unique encoding supports unique representation in that the encoding
of the resource representation is done in such a way that it is globally un-
derstood by computer systems on global networks.

By combining unique encoding with unique representation, it is ensured
that the meta-data that is captured for the purposes of the Semantic Web
of any resource, is uniquely associated with the specific resource and is
captured in such a way that it is uniquely interpreted by global computer
systems.

At present this functionality is instantiated by the URI and Unicode tech-
nologies. URI instantiates unique representation, whilst Unicode instanti-
ates unique encoding. The depiction of these two technologies as side-
by-side layers in V1-V4 of the present Semantic Web layered architecture
(Figure 7.1 on page 183) is confusing since URI makes use of Unicode
to encode the specified resource identifications. By means of Unicode the
URI is interpreted in the same way globally.
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7.4.5.2 Syntax description language

The function of this layer is to provide a syntax language or a serialisation
mechanism for data transfer. At this level, meaning is contained within the
application or system. Syntax descriptions do not describe meaning.

A Syntax Description Language has as its main objective the packaging
of meta-data data into a structure recognisable by the applications or users.
The acceptable and common mechanism to achieve this is through markup
tags, hence the development of technologies such as HTML, SGML and
XML. When using HTML, the applications exchanging data is primarily con-
cerned with its display (on a Web page for instance) and the packaging of
the data therefore concentrates on capturing its display information.

When exchanging data for use within applications that are not primar-
ily concerned with the display of the data, alternative syntax description
mechanisms are used that package the data in such a way that it can be
interpreted by the different applications. However, the participant applica-
tions must receive an agreed-upon data schema that captures the structure
of the data for the application. That way the different participant applica-
tions all use and interpret the data in a similar manner. DTD’s and XML
Schema are additional mechanisms that assist with the verification and va-
lidity checks of such encoded data documents.

Systems that exchange XML data using for instance DTD or XML
Schema, operate on Layer 2 of the architecture.

For the purpose of the Semantic Web, meta-data has to be captured
with increasingly semantic richness. After resources were unique iden-
tified with the chosen unique identification mechanism technologies, the
data about the resources have to be packaged. If the meaning of the pack-
aging is prescribed by applications using a predefined schema, the sce-
nario is as depicted in Figure 7.6. However, the meaning of the data may
be prescribed by a semantically richer meta-data language when moving
to a higher layer in the proposed CFL architecture for the Semantic Web.

The instantiation of this layer at present is XML with its associated tech-
nologies such as XML Schema and DOM (Document Object Model). Only

AJ Gerber 205 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



CHAPTER 7: TOWARDS A COMPREHENSIVE AND FUNCTIONAL
LAYERED ARCHITECTURE FOR THE SEMANTIC WEB

Applications

Applications Trust i

and GUIs

Rules Rules

Ontalogy Ontology

Meta-data Data Model Meta-data Data Model

Syntax Description Language Syntax Description Language
Unique Identification Mechanism - Unique Identification Mechanism

Figure 7.6: Communication on Layer 2 of the proposed CFL architecture

for the Semantic Web.

the XML functionality is required by the higher Semantic Web languages.

7.4.5.3 Meta-data data model

The Meta-data Data Model describes the model that will be used to add de-
scriptions of meaning to data. The lower layers firstly provide a means to
uniquely identify a resource through the Unique Identification Mechanism
layer, and a method to package the meta-data through the Syntax Descrip-
tion Language. In order to provide a next level of semantically enriched
data, it is necessary to define a structure or model for the description of the
meta-data by means of basic statements. This function is encapsulated by
the Meta-data Data Model layer in the CFL architecture for the Semantic
Web.

The technology that is defined by the W3C on this level is RDF [231].
RDF provides a mechanism for the representation of meta-data about re-
sources on the Web by means of a basic data model for meta-data state-
ments. A statement describes an entity (resource) in terms of properties,
which have values [85, 92, 238].

It is proposed that RDF Schema is integrated into the next layer repre-
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senting the Ontology function. RDF Schema is based on RDF and is an
extension of RDF. RDF Schema provides a predefined, basic type system
for RDF models, and specifies a (limited) mechanism to add semantics to
meta-data or to represent knowledge [243]. Because it defines structure
and meaning above the data model, RDF Schema is already elevated to a
higher semantic layer.

7.4.5.4 Ontology

The function of the Ontology layer is to provide a mechanism to represent
knowledge formally in such a way that basic inferencing is supported. Af-
ter a meta-data data model has been specified, the formalisation of the
resources and their relationships is facilitated by means of an ontology.
Inferencing is possible once the description of resources with their relation-
ships have been formalised.

RDF Schema and OWL are the W3C technologies that instantiate this
layer at present. OWL requires RDF Schema as a building block and this
provides another reason for RDF Schema to be integrated into this layer. If
we exchange OWL with its associated DL (Description Logics) for another
formalism, it will build on either RDF, or on another data model.

At this layer it is possible to argue for the inclusion of a sub-layer as
identified in the layering principles established by the ISO/OSI architecture
(refer to Section 7.3.2.1). In the ISO/OSI model description, Zimmermann
[265] discusses the meaning of the defined layers in substantial detail and
introduces the principle of sub-layers that implies that further sub-grouping
and organisation of functions in a layer to form sub-layers is possible. In ad-
dition, he states that it should be possible to bypass sub-layers. In present-
ing the instantiations of OWL and RDF Schema, OWL could be included
as a sub-layer as depicted in Figure 7.7. The Rules instantiation above
RDF Schema could be RIF, no technology for the Rules functionality above
OWL has been specified yet.
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Figure 7.7: OWL as a sub-layer in the instantiation of Ontology.

7.4.5.5 Rules

The function of Rules is to provide a mechanism to introduce rules (such
as business rules) above the knowledge base and its inferencing. A sim-
plified explanation at this stage would suffice - if an inference action on
an ontology produces the result A, a Rules instantiation might add an if A
then action B else action C formalism. The make build environment popular
for programming is an example of a primitive rule system. The function
of Rules is therefore to add a mechanism for extending the inferencing
capabilities of the Ontology layer. According to Grosof [114] there are at
present four noteworthy families of rule systems namely (1) SQL or rela-
tional database, (2) Prolog, (3) production rules systems such as CLIPS
and Jess, and (4) ECA (Event-Condition-Action) Rules. All of these sys-
tems could possibly be integrated into the Semantic Web Rules layer.

The W3C is working on RIF and SWRL as possible technology instan-
tiations for the Rules layer [132, 247]. The SWRL proposal extends the
set of OWL axioms to include Horn-like rules. It thus enables Horn-like
rules to be combined with an OWL knowledge base. RIF allows for a Rules
extension above RDF-Schema.

However, at present no technologies are formally defined to instantiate
this layer and the Rules layer remains a research endeavour.
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7.4.5.6 Logic Framework

The purpose of the Logic Framework Layer is to provide an overarching
mechanism for the integration and extension of different Logic formalisms
of lower layers. It is proposed that this function remains the same for the
first version of the CFL architecture.

As example of the function of the Logic Framework layer, the work of
Thomans and Sheth [221] is presented. These authors argue that logic-
based systems require the maintenance of a consistent knowledge base
for optimal functioning. They further argue that a decidable logic language
is required to maintain this consistent knowledge base computationally and
that it is possible to extend OWL to be able to express uncertainties. In ad-
dition, Thomans and Sheth [221] propose increased expressiveness in the
layers of the Semantic Web, notable the Logic framework layer, to enable
this extension or augmentation of OWL. For the extension, they propose an
incomplete graph-based algorithm with more rigid logic formalisms. This
approach may in future represent multiple ontologies and may furthermore
allow for inferencing across the ontologies.

However, there is at present no formal technology specification that can
instantiate this layer, and possible instantiations remains a future research
endeavour.

7.4.5.7 Proof

The Proof Layer has to provide the proof functions within the context of the
Semantic Web. Proof is defined as whether a result due to inferencing and
rules can be regarded as valid. In essence, this layer has to answer the
question 'How can | believe what the computer tells me?’. This is done by
providing the proof that the result as achieved is valid, as well as by giving
an explanation as to how this proof was obtained.

Recent relevant research includes the proposal of PML, a Proof Markup
Language for Semantic Web Services [77]. PML allows Semantic Web ser-
vices to explain their results by generating justifications in an exchangeable
and combinable format. PML aims to represent different kinds of proofs
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ranging from formal natural deduction derivations to proof traces required
by optimised theorem provers. In addition to the representation of proofs,
different kinds of explanations have to be represented, ranging from sum-
maries of assertions to formal derivation paths [77].

It is proposed that this function remains the same for the first version
of the Semantic Web CFL architecture. There are no formally specified
technologies available at present that can instantiate this layer.

7.4.5.8 Trust

The Trust Layer has to provide trust functions within the context of the
languages of the Semantic Web. In addition, Trust has to provide a mech-
anism to ensure that any conclusion or subsumption can be trusted to be
valid.

The issue of trust on the Semantic Web is a wide-ranging topic, from
digital signature implementations to social networks [198]. The essential
issue with regard to trust is to decide to what degree credence should be
allocated to a source on the Semantic Web. One possible solution to this
problem is the specification of a language that allows for the building of
a trust network where a user specifies whom he or she trusts and how
much [198]. This notion is extended by Nejdl, Olmedilla and Winslett [176]
who propose the development of policy languages for trust negotiations
between peers on the Semantic Web.

It is proposed that this function description remains the same for the
first version of the Semantic Web CFL architecture. There are no formal
technologies available at present that instantiate this layer, and as such, it
remains a future research endeavour.

7.4.5.9 Security stack

The proposed CFL architecture for the Semantic Web includes the security
functionality into an orthogonal stack with two layers. This security stack is
based on the security aspects depicted as vertical layers in versions V1-V3
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of the presented Semantic Web layered architecture (Figure 7.1). V4 of the
present Semantic Web layered architecture seems to depict the realisation
that the security issues of the Semantic Web are unresolved because of
the inclusion of only one vertical layer with caption Crypto.

In the proposed CFL architecture, the function of Digital Signatures is
incorporated into the Identity Verification layer. The function of this layer in
the security stack is to unambiguously verify an identity on the Semantic
Web. It has a functionality grain similar to the Unique Identification Mech-
anism layer in the language stack, and was therefore incorporated as the
bottom layer. Encryption is an overarching term used to ensure data se-
curity, and encryption functionality is required on all layers of the Semantic
Web language stack. The Encryption layer is therefore depicted as interfac-
ing with all the language layers excluding the bottom Unique Identification
Mechanism layer.

Security encompasses at least the following aspects [230]:

> Integrity: ensures that the data is not altered in transit.
> Confidentiality: ensures that only the intended recipient accesses
the data being exchanged.
> Authenticity: ensures that the data was sent by the person who
claims to be the originator.
> Non-repudiation: ensures that the sender of data cannot deny send-
ing it.
It is necessary to address the incorporation of these security aspects when
accessing the functionality of each language layer of the Semantic Web in a
responsible manner. The development of the Security stack in the CFL ar-
chitecture for the Semantic Web remains largely a topic for future research
and it has been excluded from the scope of this thesis. At this stage, the
functional layers of such an architecture as well as the integration thereof
into the language architecture are not yet resolved. It is possible to specu-
late that there are convincing arguments for the inclusion of certain security
functionality into language layers, as well as arguments for the extraction
of certain security functionality into a separate layered architecture with
definite boundary interfaces with the language layers.
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7.5 THE EVALUATION OF THE PROPOSED CFL AR-
CHITECTURE FOR THE SEMANTIC WEB

In this section the proposed criteria for the evaluation of layered architec-
tures as derived in Chapter 6 are used to evaluate and discuss the pro-
posed CFL architecture for the Semantic Web.

Criteria Adapted Semantic Web Architecture

Clearly defined con-
text

Conform to: The context is the languages necessary to
implement the Semantic Web.

Appropriate level of
abstraction and hid-
ing of implementation
details

Conform to: All layers depict functionality. In addition,
all the envisioned functions as required for data interoper-
ability on the Semantic Web, are depicted.

Clearly defined func-

Conform to: All layers depict functionality, in addition, the

tional layers functionality of each layer is defined.
Appropriate layer- | Conform to: The functional layers build on one another.
ing, including well- | Furthermore, an initial attempt is made to define the func-

defined
and dependencies

interfaces

tionality requirements of upper layers with regard to their
lower layers. In addition, the CFL architecture is defined

as a closed architecture, implying that any layer may only
access its immediate lower layer and may not bypass any
lower layers.

Modularity Conform to: It is possible to instantiate the functionality

of a specific layer with different technologies.

Table 7.2: Evaluation of the proposed CFL architecture for the Semantic
Web.

The evaluation of the original Semantic Web architecture is presented
in Table 7.1 (p.184) where it is argued that the existing Semantic Web lay-
ered architecture (including its versions) does not comply with the majority
of the evaluation criteria for layered architectures. In contrast, it is possible
to argue that the adapted CFL architecture conforms to the criteria for lay-
ered architectures. The remainder of this section (Section 7.5.1 to 7.5.5)
expands on the reasons for conformance of the proposed Semantic Web
CFL architecture to the evaluation criteria.
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7.5.1 Clearly defined context

As discussed in Section 7.4.1, the CFL architecture for the Semantic Web
is accepted to be the meta-data language functionalities required to imple-
ment the Semantic Web.

7.5.2 Appropriate level of abstraction and hiding of implemen-
tation details

As discussed in Section 7.4.2, all layers in the proposed CFL architecture
for the Semantic Web portray the functionalities necessary to implement
the languages of the Semantic Web. As a result the system under review
(the languages for the Semantic Web) can be viewed as a whole and only
the aspects that are relevant for a specific layer are visible.

7.5.3 Clearly defined functional layers

As discussed in Section 7.4.5, the functionality of each layer in the pro-
posed Semantic Web CFL architecture is defined. In addition, the layers
increasingly specify functionality required to describe meaning, or to add
semantics to data.

7.5.4 Appropriate layering, including well-defined interfaces
and dependencies

As discussed in Section 7.4.4, the proposed CFL architecture retains the
triangular structure depicted in the present versions of the Semantic Web
layered architecture (Figure 7.1). However, in contrast to the current Se-
mantic Web layered architecture where the meaning of the structure is not
defined, the structure of the CFL architecture implies that applications or
systems could exchange data on any layer given that the implementations
on both sides are the same. In addition, any layer functionality may be
instantiated by more than one technology.
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7.5.5 Modularity

As discussed in sections 7.4.5 and 7.4.4, the functionality of any layer may
be instantiated by more than one technology without compromising the
integrity of the layered architecture.

7.5.6 Concluding remarks

It is possible to argue that the proposed CFL architecture for the Semantic
Web conforms to the established criteria for layered architectures.

7.6 CONCLUSION

In this chapter a first iteration of the development of a proposed CFL ar-
chitecture for the Semantic Web, is undertaken. This architecture adheres
to the fundamental aspects of layered architectures within the Information
Systems domain. Using a previously compiled evaluation mechanism for
layered architectures, the present Semantic Web layered architecture of
Berners-Lee is evaluated, and it is established that this architecture (in-
cluding all its versions) does not conform to the majority of the evalua-
tion criteria for layered architectures. The results of the evaluation of the
present architecture, the criteria of the evaluation mechanism for layered
architectures, as well as additional design criteria, constitute the building
blocks for the development of the initial version of the CFL architecture for
the Semantic Web. This CFL architecture conforms to the criteria for lay-
ered architectures as presented in the evaluation mechanism for layered
architectures.

The research results in this chapter were accepted for presentation
and publication in the proceedings of the IASTED International Confer-
ence - SE2007, part of the 25th IASTED International Multi-Conference on
Applied Informatics, Innsbruck, Austria, To be held 13-15 February 2007
[110].

At this stage a caveat is presented and this caveat provides the rea-
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son for the inclusion of towards in the title of the thesis and this chap-
ter. The ISO/OSI architecture was developed over 18 months, which was
considered remarkable at the time [265]. More than hundred participants
took part in the discussions [265]. The process for the establishment of
a generally agreed upon layered architecture for the Semantic Web pre-
scribes many more participants and have to be the result of considerably
more debate. However, this thesis argues for the approach to establish an
agreed-upon CFL architecture, and proposes a preliminary version of such
a architecture for the Semantic Web.

From Figure 7.3 a reader may conclude that the proposed CFL archi-
tecture depicts only a simplification of the original architecture. The ab-
straction of the functionality from the original versions of the Semantic Web
layered architecture does indeed entail a simplification of the model, but
this simplification introduces several advantages such as a mode under-
standable and universal model that facilitates debate. One of the most
significant advantages is that the abstraction enables the use of diverse
and non-related technologies to implement the functionality of a specific
layer. In other words, different technologies could be used to instantiate
the functionality of a specific layer in the proposed Semantic Web layered
architecture.

A generalised layered architecture for the Semantic Web with well-
defined functionalities will assist in the acceptance of diverse technologies
for implementation of the required functionalities. This will aid the even-
tual realisation of the Semantic Web. It is acknowledged that all issues
with regard to the layering of the Semantic Web languages have not been
resolved by this approach. However, the establishment of a first iteration
CFL architecture for the Semantic Web is an important and necessary step
towards realising the eventual notion of the Semantic Web. In addition, the
CFL architecture for the Semantic Web should assist in the development of
Semantic Web specifications and applications, or even W3C Recommen-
dations, and several of the current research and implementation issues
associated with the implementation of the Semantic Web could potentially
be resolved.
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Within the next chapter, Chapter 8, the proposed CFL architecture for
the Semantic Web is applied to four usage scenarios in order to determine
the usefulness of this architecture.
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8.1 INTRODUCTION

In this chapter, the proposed CFL architecture for the Semantic Web as de-
veloped in Chapter 7, is applied to usage scenarios. The results of these
applications are used to determine the value and therefore possible contri-
bution of the proposed CFL architecture for the Semantic Web.

The first usage scenarios were obtained from literature and the pro-
posed CFL architecture is applied to solve some of the issues with regard
to the layering of the Semantic Web (Sections 8.2 and 8.3). In addition, the
current V4 Semantic Web layered architecture of Berners-Lee [35] is inves-
tigated as being an instantiation of the proposed CFL architecture (section
8.4). Lastly, a practical application example was developed using the pro-
posed CFL architecture in Section 8.5. Section 8.6 concludes the chapter.

8.2 SCENARIO: THE TWO-TOWER ARCHITECTURE

Originally, versions V2 and V3 of the present Semantic Web architecture
as proposed by Berners-Lee were discussed by Kifer, Bruijn, Boley and
Fensel [147], who argued strongly in support of multiple independent, but
interoperable, stacks of languages. They argued that a single stack archi-
tecture as depicted in V2 (Figure 8.1) is unrealistic and unsustainable and
they regarded the side-by-side layering of OWL and Rules in V3 (Figure
8.2) as an implementation of the interoperable stacks of languages con-
cept. They therefore supported the multi-stack architecture as depicted
by V3. In particular, they discuss the incorporation of the Datalog rule-
based languages as Rules, which could not be layered on top of OWL, as
a separate stack alongside the stack of OWL-based languages with their
prescribed Description Logics.

However, this discussion does not seem to concur with the proposal
of Berners-Lee and the W3C in their Rules discussions (refer to Section
A.11.2.3 on page 348 for a description of the RIF Working Group of the
W3C).

These diverse interpretations of the meaning of layers in the present
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Figure 8.2: The V3 version of the Semantic Web architecture [34].

versions of the Semantic Web layered architecture emphasise the need
for a standardised architecture (such as the CFL architecture) with specific
meaning associated with the layers as proposed in this thesis.

Horrocks, Parsia, Patel-Schneider and Hendler [130] entered the debate
about the positioning of Rules with their Semantic Web Architecture: Stack
or Two Towers? article. They further argued that a realistic architecture for
the Semantic Web had to be based on multiple independent, but interoper-
able, stacks of languages. In particular, they pointed out that DLP/Datalog
and RDFS/OWL are not semantically compatible and cannot be layered as
proposed in the V3 version of the present Semantic Web layered architec-
ture (Figure 8.2). They consequently proposed a two-tower architecture
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(Figure 8.3) as the solution for the acceptance of both RDFS/OWL and
DLP/Datalog as Semantic Web languages or technologies [130].

FOL/SCL
NAF etc. OWL
Rules (Datalog) RDF Schema
DLP (Datalog) RDF M&S

XML Namespaces

Encryption

URI Unicode

Figure 8.3: The two-tower architecture of Horrocks, Parsia, Patel-
Schneider and Hendler [130]

This two-tower architecture of Horrocks et al. [130] depicts two possi-
ble instantiations of the Semantic Web layered architecture. In order to
demonstrate the value of the proposed CFL architecture for the Semantic
Web presented in this thesis, the instantiations in the two towers of Hor-
rocks et al. [130] are related to the CFL architecture, which is based on
fundamental Software Engineering principles that allow for the inclusion of
different technologies. The relation of the two towers to the CFL architec-
ture for the Semantic Web is depicted in Figures 8.4 and 8.5.

;[ S NAE&ic
'\’ Rules (Datalog)

Ontology
Meta-data Data Model \ DLP (Datalog)

Syntax Description Language £ ey d XML Nemespaces

Figure 8.4: The two-tower architecture: Tower 1 as instantiation of the

Semantic Web CFL architecture
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In Tower 1 on the left-hand side in Figure 8.3, Horrocks et al. omit-
ted an explicit data representation layer. Datalog was developed as a rule
and query language for deductive databases and syntactically Datalog is a
subset of Prolog, hence it does not constitute a data representation layer.
Datalog supports both relational and object databases, and to improve the
composition of Tower 1, a meta-data data model that is either an entity-
relationship model or a UML model could be added. Thus, the adapted
Semantic Web architecture supports more than one technology to be used
in this layer.

In addition, in Tower 1 in Figure 8.3, the Ontology functionality is im-
plemented by DLP (Description Logic Programs) where these DLP extend
Datalog to include knowledge representation. The Rules functionality is
implemented with Datalog Rules and NAF. This relationship is depicted in
Figure 8.4.

FOL/SCL
OWL
Rules e o
- RDF Schema
Ontology R
Meta-data Data Model | &———> RDF M&S

Syntax Description Language § gaeien 8 XML Namespaces

o EEEN

Figure 8.5: The two-tower architecture: Tower 2 as instantiation of the
Semantic Web CFL architecture

In contrast to Tower 1, Tower 2 on the right-hand side in Figure 8.3
implements the meta-data data model functionality by means of RDF. The
Ontology layer functionality is implemented using RDF Schema and OWL.
In this study, the contention is that the FOL/SCL layer provides for Rules
and to a limited extent, Logic Framework functionality. This instantiation is
depicted in Figure 8.5.
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Note that the purpose of this scenario is not to resolve the layering de-
bate of the different technologies. In this study, the development of a func-
tional layered architecture of the Semantic Web that is based on funda-
mental principles of layered architectures, is argued. Such an architecture
defines functionality that has to be implemented by the different layers,
and which allows for the acceptance of diverse technology instantiations
that implement the requisite functionality. This is aptly demonstrated in this
usage scenario where both the towers are accommodated by the proposed
Semantic Web CFL architecture, even though they represent different se-
mantic bases.

8.3 SCENARIO: A LAYERED APPROACH TO INFOR-
MATION MODELLING AND INTEROPERABILITY
ON THE WEB

Because of the variety of information models available to fulfil the diverse
information needs of users today, Melnik and Decker [163] proposed a /lay-
ered approach to information modelling and interoperability on the Web.
Their layered approach borrowed from the layered software structuring
technique used in internetworking, notably the ISO/OSI layered architec-
ture. They regarded the provision of a clear distinction between services,
interfaces and protocols used in internetworking as one of the major con-
tributions of the ISO/OSI architecture model.

Melnik and Decker [163] argued that interoperability between data mod-
els could be simulated with interoperability of networks. Their model of
network interoperability is depicted in Figure 8.6. They suggested that a
layered approach could greatly facilitate interoperation between data mod-
els. In their paper they discussed several proposed Semantic Web lan-
guages notably RDF and RDF Schema (RDFS), SHOE (Simple HTML On-
tology Extensions), UML (Unified Modeling Language) and OIL, in order to
identify how data-modelling primitives are used in the languages, and how
these languages can be organised into layers to support interoperability as
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Figure 8.6: An example of networking layers [163].
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Figure 8.7: An example of data-modelling layers [163].

depicted in Figure 8.7. They identified three layers, the semantic layer, the
object layer and the syntax layer, which are depicted in Figure 8.8. Within
the layers are sub-layers and a sub-layer corresponds to a specific data-
modelling feature.

Melnik and Decker [163] mention several advantages of layering, in-
cluding simplification, reduced costs of application development due to
well-defined interfaces, as well as independence and modularity. However,
these authors focus mainly on the implementation of their object layer and
include RDF as well as SHOE, OIL and OWL into this layer. It is not clear
what the implementation of the semantic layer would entail.
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Figure 8.8: The syntax, object and semantic layers [163].

The concept of layering adopted by Melnik and Decker [163] supports
the approach followed in this study. A layered approach for the implemen-
tation of the language stack for the Semantic Web has many advantages
that have been identified by both models. The noteworthy difference is that
the CFL architecture proposed in this thesis is based on both the current
layered architecture for the Semantic Web as well as fundamental princi-
ples of layered architectures within Software Engineering. It is plausible
to state that the approach followed in this thesis to develop the Semantic
Web CFL architecture is therefore more thorough, but the same observa-
tions regarding the advantages of layering is upheld.

8.4 SCENARIO: THE SEMANTIC WEB LAYERED
ARCHITECTURE

In this section, the latest version (V4) of the layered architecture as pro-
posed by Berners-Lee [35] is investigated as being an instantiation of the
proposed CFL architecture for the Semantic Web. Figure 8.9 depicts the
mapping of the depicted W3C technologies to the functionality layers of the
CFL architecture.

Upon scrutiny, the mapping depicted in Figure 8.9 indicates irregulari-
ties, which is due to the inconsistencies in the V4 architecture as discussed
in Section 3.3 (p.65).
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| User Interface & applications

Rules

Ontology

ontology:
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Figure 8.9: The V4 version of the Semantic Web architecture [35] as in-
stantiation of the adapted architecture.

The Unique Identification Mechanism layer maps to Unicode and URI
as before. URI essentially uses Unicode and therefore the meaning of the
side-by-side layering of Unicode and URI in V4 is unclear. However, it is
plausible to state that URI making use of Unicode is an instantiation of
the layer 1 unique identification mechanism functionality of the CFL archi-
tecture. XML instantiates the Syntax Description Language layer and the
meta-data data model is instantiated with RDF.

The Ontology layer of the CFL architecture is instantiated with either
RDF Schema (depicted as RDF-S in V4) or RDF Schema and OWL (RDF-
S and OWL). If RDF-S as instantiation is used, RIF is the instantiation of
the Rules layer. RIF is an acronym for Rule Interchange Format and it is
a draft specification for a rule language using RDF Schema as its ontology
basis. RIF is discussed in Section A.11.2.3.

Above RIF, no technologies are depicted in V4 and therefore the instan-
tiations cannot be discussed. Unifying Logic maps to Logic Framework
and the Proof and Trust layers are not instantiated with any technology,
thus remaining Proof and Trust. It is unclear what is meant by both Unify-
ing Logic and Proof residing on top of Rules:RIF. It is possible to reason
that both reside alongside each other above Rules:RIF or it might mean
that the layered architecture is open in this instance so that Proof might
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access functionality of RIF directly without having to access the Unifying
Logic layer. However, in general the technologies from URI and Unicode
through to RIF can be regarded as an instantiation of the adapted, func-
tional architecture.

In contrast, if the Ontology layer is instantiated with RDF Schema to-
gether with OWL (RDF-S and OWL), a deviation is depicted in the layers
because of the omission of a Rules layer above OWL. It is however fore-
seen that a rule language will be required above an OWL ontology, hence
the SWRL initiative of the W3C (RIF builds on RDF Schema only). It is
plausible to speculate that this omission will have to be rectified in future.

This confirms the argument that a comprehensive and functional lay-
ered architecture will allow for diverse technology specifications for the in-
stantiation of a layer. As before, above OWL, no technologies are depicted
and therefore no instantiations can be discussed. Unifying Logic maps to
Logic Framework and the Proof and Trust layers relate to the Proof and
Trust layers in the Semantic Web CFL architecture.

It can be argued that the latest version of the Berners-Lee Semantic
Web architecture also presents two towers of possible technology instan-
tiations, and that both can be regarded as instantiations of the adapted
comprehensive and functional architecture presented in this study.

8.5 APPLICATION USAGE SCENARIO

In this section the usefulness of the CFL architecture is illustrated by simu-
lating two applications using two different meta-data data models.

In this usage scenario, the proposed system is a distributed manage-
ment application for book publishers using Semantic Web technologies of
the bottom three layers as depicted in Figure 8.10.

As discussed in Section 7.4.5, the implementation or instantiation of
the technology at the layer of communication should be similar. In this
scenario, the meta-data data model could be either an entity relationship
model, or an RDF diagram. Because the system implements up to and
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Application

Syntax Description Language

Application

Meta-data Data Model

Syntax Description Language

Figure 8.10: Applications using the first three layers of the proposed Se-
mantic Web CFL architecture.

including layer three, the layer three models have to be implemented using
the same technology.

The important aspect is that there is a choice of meta-data data models
when the proposed CFL architecture for the Semantic Web is used. In
contrast, the original architecture of Berners-Lee would have limited the
choice to RDF.

In the scenario data model, a publication, which is of a specific type
(a book in this case), has a title ("My life story’), an isbn (0-07-777123-3)
and an author. The author is a Person with a fullname (John Smith) and a
mailbox (mail:;js@abc.com).

The Layer 3 implementation will be a data model using either an ER
(entity relationship) diagram or an RDF diagram. A possible ER diagram
is depicted in Figure 8.11. Similarly, this data can be modelled in an RDF
diagram. An RDF diagram modelling the same data is depicted in Figure
8.12.

Figures 8.11 and 8.12 therefore depict two possible choices of meta-
data data modelling technologies that can be used in this scenario as the
proposed CFL architecture does not prescribe the technology. As long as
the implementation adheres to the principles of layering and the specified
functionality of the layer it implements, any meta-data data modelling tech-
nology can be used.
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title
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1| book 1| 1 Imy life story |0-07-777123-3] 1 1 |John Smith |js@abc.com

Figure 8.11: An entity relationship diagram with a database implementa-
tion modelling the publication data of the scenario.

Publication-type

Fublication

John Smith

author

mailbox
mail;js@abc.com

Figure 8.12: An RDF diagram modelling the publication data of the sce-

0-07-777123-3

My life story

nario.

The implementation of the next layer that is used (Layer 2) dictates the
serialisation of the data model to XML. The code in Figure 8.13 depicts
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a possible serialisation of the ER diagram to XML. Note that the func-
tionality to serialise a database implementation to XML is implemented
by most RDBMS (Relational Database Management Systems) nowadays.
The <7getUI entity 7> simulates an XML processing instruction.

<?xml version="1.0"7>
<db:ERD xmlns:erd=
"http://www.w3.org/1999/02/22-db-syntax-ns#">
<Publication>
<type> <7getUI typeBook 7> </type>
<title> My life story </title>
<isbn> 0-0-777123-3 </isbn>
<author>
<fullName> John Smith </fullName>
<mailbox> <7getUImail mailbox 7> </mailbox>
</author>
</Publication>

</db:ERD>

Figure 8.13: Serialisation of the ER diagram to XML.

The XML code that is a possible serialisation of the RDF diagram is
depicted in Figure 8.14. As stated, the <?getUI entity 7> simulates an
XML processing instruction invoking a function to obtain a Unique Identifier
from the next lower layer, which is the Unique Identification Mechanism
Layer. This layer can also be instantiated with any technology, and this
layer is accessed by calling a getUI function that will return a URI in this
case, and the getUImail function will return a unique mail address for John
Smith.

The XML that will be transferred between the applications when the
unique identifiers are processed will possibly be as indicated in the code in
Figure 8.16, and the RDF diagram depicting this data is depicted in Figure
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<?xml version="1.0"7>

<rdf:RDF xmlns:rdf=
"http://www.w3.0rg/1999/02/22-rdf -syntax-ns#"
xmlns:publication=
"http://www.w3.org/publication#">

xmlns:person="http://www.w3.org/contact#">

<publication:Publication>
<publication:about> <?7getUI this 7> </publication:about
<publication:type> <7getUI typeBook?></publication:type]
<publication:title> My life story </publication:title>
<publication:isbn> 0-0-777123-3 </publication:isbn>
<contact:Person>
<contact:about> <7getUI author 7> </contact:about>
<contact:fullName> John Smith </contact:fullName>
<contact:mailbox>
<?getUImail mailbox John Smith 7>
</contact:mailbox>
</contact:Person>
</publication:Publication>

</rdf :RDF>

>

Figure 8.14: Serialisation of the RDF diagram to XML.

8.15.

In this section a scenario is described in which an application is imple-
mented using the proposed CFL architecture for the Semantic Web. De-
velopers are able to choose between alternative technologies to implement
the different layers of the CFL architecture for the Semantic Web effectively.
In this usage scenario, it is demonstrated how two possible meta-data data-
modelling technologies can be used to implement Layer 3. Both models
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Figure 8.15: An RDF diagram with decoded URIs modelling the Publica-
tion data of the scenario.

0-07-777123-3

w3c.org/publication#title

My life story

use a Layer 2 that is instantiated with XML, and a Layer 1 that decodes to
Unicode URlIs.

The Layer 1 implementation for both systems uses URI to
uniquely identify the resources under discussion, such as the
http://www.w3.org/People/EM/contact#author URI in Figure 8.12, to
identify the author. In addition, the systems encode the serialised XML
using Unicode to ensure that it is uniquely interpreted across the world.

8.6 CONCLUSION

In this chapter, the proposed CFL architecture for the Semantic Web was
applied to various scenarios. In all of the scenarios, the CFL architecture
proved to be of value.

In the first scenario, the CFL architecture solved issues with regard to
the layering of Semantic Web technologies. In addition, diverse technolo-
gies can be used to implement the same functionality as encapsulated by
a layer definition.

In the second scenario, the proposed CFL architecture for the Semantic
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<?xml version="1.0"7>

<rdf:RDF xmlns:rdf=
"http://www.w3.0rg/1999/02/22-rdf -syntax-ns#"
xmlns:publication=
"http://www.w3.org/publication#">

xmlns:person="http://www.w3.org/contact#">

<publication:Publication rdf:about=
"http://www.w3.org/publication#this"/>
<publication:type rdf:type=
"http://www.w3.org/publication#typeBook"/>
<publication:title>My life story</publication:title>
<publication:isbn>0-0-777123-3</publication:isbn>
<contact:Person rdf:about=
"http://www.w3.org/People/EM/contact#author">
<contact:fullName>John Smith</contact:fullName>
<contact:mailbox rdf:resource="mailto:js@abc.com"/>
</contact:Person>
</publication:Publication>

</rdf :RDF>

Figure 8.16: Serialisation of the RDF diagram to XML including URls.

Web improved a layered model developed for data interoperability.

The V4 version of the present Semantic Web layered architecture is in-
vestigated as an instantiation of the proposed CFL architecture for the Se-
mantic Web in the third scenario. The fourth scenario developed applica-
tions using different meta-data data models when incorporating the bottom
three layers of the proposed CFL architecture for the Semantic Web.

It is plausible to speculate that the present versions of the Semantic
Web layered architecture of Berners-Lee were developed to depict the pro-
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gression pertaining to the development of W3C technologies. The defini-
tion of a general, accepted layered architecture with functional components
(CFL architecture) could possibly assist the W3C to develop different tech-
nology specifications for the implementation of a specific layer functionality.
This approach would include, rather than exclude technologies that would
have as benefit a more rapid adoption of the Semantic Web vision. In ad-
dition, the definition of W3C specifications requires an appropriate level of
abstraction to be able to penetrate sufficiently into the implementation do-
main, and it is the contention of the author that this can be provided by the
CFL architecture for the Semantic Web as proposed in this study.
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9.1 INTRODUCTION

In this chapter, the research contributions of this study are discussed. The
purpose of this study is to develop a comprehensive and functional lay-
ered (CFL) architecture for the Semantic Web. In order to develop such an
architecture, three research questions are formulated. The research that
supports the answering of each of these questions constitutes the respec-
tive contributions of the study. The research questions formulated are:

Research Questions

(1) | What is the function of each technology included in the present

versions of the Semantic Web layered architecture?

> What is the status of the specified technologies within the
present versions of the Semantic Web layered architecture?

(2) | To which criteria should a layered architecture conform in order

to adhere to system design principles?

> Which aspects should be considered when architectures, and
in particular layered architectures, are evaluated?

(3) | How can the proposed Semantic Web layered architecture be
adapted to be comprehensive and functional, and conform to the
criteria identified for layered architectures?

Table 9.1: Research questions

The first contribution, labelled as (1) in Figure 9.1, is extracted from
the research that supports the answer to Research Question 1. This con-
tribution is discussed in Section 9.2. The first contribution comprises a
Semantic Web status model enhanced with function descriptions of listed
Semantic Web technologies.
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Figure 9.1: The development of the CFL architecture for the Semantic
Web is supported by three research contributions.

The research that supports the answer to Research Question 2, labelled
as (2) in Figure 9.1, is used to formulate the second contribution. This sec-
ond research contribution comprises an evaluation mechanism for layered
architectures discussed in Section 9.3.

The third contribution, labelled as (4) in Figure 9.1, is formulated from
the research that supports the answer to Research Question 3. The third
contribution adapts the existing layered architecture for the Semantic Web
as proposed by Berners-Lee [28, 31, 34, 35] (labelled as (3) in Figure 9.1)
to conform to the principles and extracted criteria for layered architectures.
This contribution is discussed in Section 9.4.

In addition, three research contributions identified within the Software
Engineering discipline are discussed in Section 9.5.
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9.2 RESEARCH CONTRIBUTION: SEMANTIC WEB
STATUS MODEL (RESEARCH QUESTION 1)

The first research question is defined as:

What is the function of each technology included in the present versions
of the Semantic Web layered architecture?
> What is the status of the specified technologies within the present

versions of the Semantic Web layered architecture?

9.2.1 The research activities devised for Research Question 1

In order to answer this question, an investigation into the status and func-
tion of the proposed technologies associated with the Semantic Web is
performed in Chapter 5. This investigation is supported by the technology
discussions contained in Appendix A. These technologies are discussed
according to their positions in the layered organisation of the first two ver-
sions (V1 and V2) of the layered architecture proposed by Berners-Lee
[28, 31, 33].

As result of this investigation into the different technologies, a status
model reflecting the current status is compiled. Figure 9.2 presents the
status model as developed in Section 5.3 (p.117). The status model is
developed by adapting V2 (the second version of the layered architecture
proposed by Berners-Lee [31] (Figure 5.2, p. 105)) to reflect the current
status of each of the Semantic Web technologies. These adaptations com-
prise:

> OWL replacing Ontology on Layers 4 and 4a in order to be consistent
with the bottom layers.

> Digital Signatures moves to Layer 1 since its function should be in-
corporated into the unique identification layer.
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> Classification of the bottom four layers as Established Technologies
since they are W3C Recommendations.

> Classification of the top layers as Emerging Functionalities since none
of these layers has an associated technology to instantiate them.

> Classification of the bottom four layers as the data layer of the Se-

mantic Web.
Trust Layer 7
2
§, Proof Layer 6
g Lc'glc Layer 5
i framework
Rules 5 Layer 4b
— =
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=
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Figure 9.2: A Semantic Web status model.

However, in order to answer Research Question 1 fully, it is necessary
to extract the function of the layers that depict technologies instead of func-
tionality. Figure 9.3 depicts the status model with added functionality de-
scriptions (refer to Section 5.5 (p.125)).

A functional status model for the Semantic Web, graphically depicted in
Figure 9.3, is suggested as an answer to Research Question 1.

9.2.2 Scientific contribution: Research Question 1

The Semantic Web was introduced in 2001 by Berners-Lee et al. [38] in
their vision of a new intelligent Web. In order to depict the relationship
with existing W3C technology recommendations, several versions of the
Semantic Web architecture were proposed (section 3.2, p.55).

The original Semantic Web vision presents [38] a description of a usage
scenario and this description does not contain any implementation sugges-
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tions. In addition, no meaningful descriptions associated with the proposed
versions of the Semantic Web layered architecture presented by Berners-
Lee [28, 31, 34, 35] could be found in literature.

This study contributes in three ways in finding an answer to Research
Question 1. Firstly, the proposed Semantic Web status model reflects the
status of the technologies that comprise the Semantic Web according to
Berners-Lee [31]. The status model also reflects various refinements im-
posed by the status quo of current technology, and imparts some insight
into the limitations of the technologies currently supporting the proposed
Semantic Web layered architectures. No comprehensive discussion of the
status of associated Semantic Web technologies could be found in litera-
ture, and the status model is developed from a detailed investigation into
the Semantic Web with its associated technologies as currently presented
in literature.

Secondly, the Semantic Web status model serves as a starting point for
a prospective user or developer, who faces the daunting task of assimilat-
ing and understanding the Semantic Web and the role and purpose of its
associated technologies.

The final contribution pertaining to Research Question 1 is the identifica-
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Figure 9.3: A Semantic Web status model depicting status as well as the
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tion of the functionality of technologies listed within the Semantic Web ar-
chitecture. The lower layers of the proposed versions of the Semantic Web
layered architecture of Berners-Lee [28, 31, 34, 35] all depict technologies
without a description of function. The functionality of these technologies
is extracted from the detailed investigation into the use and characteristics
of these technologies (Appendix A), and the functionality descriptions are
included into a functional status model of the Semantic Web. This con-
tribution directly supports the development of a functional architecture for
the Semantic Web that requires the identification of the function of each
technology layer.

9.3 RESEARCH CONTRIBUTION: EVALUATION
MECHANISM FOR LAYERED ARCHITECTURES
(RESEARCH QUESTION 2)

The second research question is formulated as:

To which criteria should a layered architecture conform in order to ad-
here to system design principles?
> Which aspects should be considered when architectures, and in par-

ticular layered architectures, are evaluated?

9.3.1 The research activities devised for Research Question 2

In order to answer this question, an investigation into architectures and
layered architectures is executed and reported on in Chapter 6.

Layering is a common best practice pattern used by software architects
to structure complex systems. Even though layered architectures are of-
ten used by developers, a precise description of the architecture seldom
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accompanies the architecture. No definition of a layered architecture was
found during a comprehensive literature investigation except for a descrip-
tion of a layered architecture as an architectural pattern.

For the purpose of this study, a definition for a layered architecture is
compiled in Section 6.2.4, reading as follows:

A layered architecture is the resulting artefact of the layering
technique that is an accepted best practice used to break apart
complex systems. Layering performs horizontal decomposition
of system functionality. A layered architecture is therefore re-
garded as an architectural pattern or a type-of architecture.

A layered architecture is an architectural pattern and could therefore
also be described as a type-of architecture. The conclusion that a lay-
ered architecture is a type-of architecture leads to an investigation into the
concept architecture.

There is general consensus that an architecture is an indispensable
mechanism for the successful implementation of complex information sys-
tems. In addition, researchers and developers agree that an architecture,
amongst other things, comprises the structural organisation of system com-
ponents. There are several definitions for the term architecture, but there
no single universally agreed-upon definition for the term architecture could
be found in the literature.

For the purpose of this study, a definition for the term architecture is for-
mulated following a comprehensive literature investigation in Section 6.3.4,
namely:

An architecture is a model of a system within a specified con-
text, depicting the components necessary to realise the system
from a particular perspective. The architecture of a system in-
cludes the organisation or structure of the identified modular
components, their defining features or properties, as well as the
relationships and interfaces between components and outside
entities.
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Within the architectural domain and the structuring of system compo-
nents, layering is a system functionality structure using modular horizontal
partitioning. A layered architecture is a type-of architecture and can thus
also be described as an instance of an architecture. The elements of a lay-
ered architecture are mapped to the concepts of the adopted architecture
definition as follows:

> The layers of a layered architecture map to specific components, or a
grouping of components in an architecture.

> The stacking and sequencing of layers as depicted in a layered archi-
tecture represents the relationships and organisation of the architec-
tural components.

In this study, the focus was not only on what architectures and lay-
ered architectures are, but also on the characteristics of such architec-
tures. Therefore, in addition to the definitions for layered architecture and
architectures compiled and listed above, key concepts of architectures and
layered architectures were extracted from a comprehensive literature study,
refer to Chapter 6 Tables 6.1 (p.143), 6.2 (p.152), 6.3 (p.157), 6.4 (p.160),
6.5 (p.163) and 6.6 (p.167).

The definitions and key concepts of the architectural investigations as
well as additional criteria to which a layered criteria should conform, are
used to compile a criteria list for layered architectures, namely: a clearly
defined context; an appropriate level of abstraction and the hiding of imple-
mentation details; clearly defined functional layers; appropriate layering,
including well defined interfaces and dependencies; and modularity. These
criteria are combined into an evaluation mechanism for layered architec-
tures (see Section 6.4 (p.167)) and this evaluation mechanism is depicted
in Table 9.2.
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Evaluation Criteria

Description

Clearly defined con-
text

Q s it possible to identify the context from the description of
the architecture?

Appropriate level of
abstraction and hid-
ing of implementation
details

@ Can the system within the context be viewed as a whole?

@ Are there any components/properties/relationships in the
architecture model that could be removed without losing
important information at this level of abstraction?

@ Are any implementation details visible in the description of
the components/properties/relationships/structures of the
architecture?

Clearly defined func-
tional layers

@ Does the layer description specify a function of the layer
within the system?

Q s the layer’s function clear from its description and posi-
tion in the architecture?

@ Could the layer be removed without compromising the in-
tegrity of the system?

Appropriate layering,
including well de-
fined interfaces and
dependencies

@ Do the layers clearly build on one another?

@ Does a specific layer only require functionality defined by
lower layers and not those of upper layers as well?

Q@ ls it possible to determine whether the layered architecture
is open or close?

Modularity

Q s it possible to replace the implementation of a layer with
another implementation of the same functionality and in-
terfaces without compromising the integrity of the layered
architecture?

Table 9.2: Evaluation criteria for layered architectures, including possible

questions for evaluation.

In order to calibrate the evaluation mechanism that was developed for
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layered architectures, this evaluation mechanism was used to evaluate an
accepted and widely adopted layered architecture, notably the ISO/OSI
layered architecture for network interoperability. The result of such eval-
uation indicated that this architecture conforms to the established criteria
for layered architectures. It is therefore plausible to state that the evalua-
tion mechanism can be used to assist with the design and assessment of
layered architectures.

9.3.2 Scientific contribution: Research Question 2

Conducting a comprehensive literature study lead to the conclusion that no
universally accepted design and evaluation mechanism for architectures in
general, nor layered architectures in particular, has been formulated as yet.

The results of the research conducted in order to answer Research
Question 2 are condensed into an evaluation mechanism for layered archi-
tectures. The evaluation mechanism consists of criteria that were extracted
from, amongst other, an investigation into the use of layered architectures,
the descriptions and definitions available in literature pertaining to layered
architectures, as well as in-depth investigation of the concept architecture
and related concepts. In order to demonstrate the efficacy of this criteria
list, the ISO/OSI layered architecture obtained from literature is assessed,
and it is concluded that the established evaluation mechanism can possibly
assist researchers and system architects to evaluate and design architec-
tures in general, and layered architectures in particular.
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9.4 RESEARCH CONTRIBUTION: PROPOSED CFL
ARCHITECTURE FOR THE SEMANTIC WEB
(RESEARCH QUESTION 3)

The third research question is formulated as:

How can the proposed Semantic Web layered architecture be adapted to
be comprehensive and functional, and to conform to the criteria identi-

fied for layered architectures?

9.4.1 The research activities devised for Research Question 3

In order to answer this question, the functional status model depicting the
functionality of the technologies (addressed by Research Question 1), as
well as the criteria list of the evaluation mechanism (derived for Research
Question 2) are combined and an adapted CFL Semantic Web architec-
ture, as depicted in Figure 9.4 below, is constructed (also refer to Chapter
7).

The adaptations required for construction of the CFL architecture are
dictated by the clarification of the architecture context, the abstraction of
functionalities and the development of a security stack. In addition, the
functionality of the the language layers, starting with the lowest layer, is
defined to be:

> Unique Identification Mechanism: The function of this layer within
the Semantic Web architecture is to uniquely identify resources used.
Any discussion about data or meaning on the Web will have to
uniquely identify the resources under discussion.

> Syntax Description Language: The function of this layer is to pro-
vide a syntax language or a serialisation mechanism for data transfer.
At this level, meaning is contained within the application or system.
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Trust

Logic Framework

Rules | Encryption

Ontology

Meta-data Data Model

Syntax Description Language

Unique Identification Mechanism

Figure 9.4: The CFL Semantic Web architecture comprises two orthog-
onal stacks, the language stack and the security stack.

Syntax descriptions do not describe meaning.

> Meta-data Data Model: The Meta-data Data Model layer describes
the model that is used to model meta-data within the architecture. A
data model is required to add descriptions of meaning to data.

> Ontology: The function of the Ontology layer is to provide a mech-
anism to formally represent knowledge in such a manner that basic
inferencing is supported.

> Rules: The function of the Rules layer is to provide a mechanism to
introduce rules (such as business rules) above the knowledge base
and its inferencing.

> Logic Framework: The purpose of the Logic Framework layer is to
provide an overarching mechanism for the integration of different logic
formalisms.

> Proof: The Proof layer provides proof functionality within the context
of the Semantic Web. Proof means that any result due to inferencing
and applied rules can be regarded as valid.

> Trust: The Trust layer provides trust functions within the context of
the Semantic Web. Trust has to provide a mechanism to ensure that
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we can frust conclusions.
The functionality of the the security layers is defined to be:

> Identity Verification Mechanism: The function of this layer in the
security stack is to unambiguously verify an identity on the Semantic
Web. It has a functionality grain similar to the Unique Identification
Mechanism layer in the language stack, and was therefore incorpo-
rated as the bottom layer.

> Encryption: Encryption is an overarching term used to ensure data
security, and encryption functionality is required on all layers of the
Semantic Web language stack. The Encryption layer is therefore de-
picted as interfacing with the all the language layers excluding the
bottom Unique Identification Mechanism layer.

In order to determine the usefulness of the adapted architecture, four
usage scenarios for the CFL architecture were investigated in Chapter 8.
Two of these usage scenarios represents problem cases obtained from
literature, and in these cases, the CFL architecture was applied as a sug-
gestion to solve the problems. The third scenario describes a practical
application where a simplified data model was instantiated with two tech-
nologies, namely an ER model and an RDF model on the Meta-Data Data
Model layer (layer 3). Lastly, the most recent (2006) V4 version of the
proposed architecture of Berners-Lee was discussed as an instantiation of
the adapted architecture. In all of the case studies conducted, the CFL
architecture for the Semantic Web contributed towards a solution, and it is
therefore plausible to state that the adapted model constitutes a contribu-
tion.

9.4.2 Scientific contribution: Research Question 3

To answer Research Question 3, the previously compiled evaluation mech-
anism and criteria list are used to evaluate the original Semantic Web lay-
ered architecture versions proposed by Berners-Lee and these versions
were found lacking. To address the identified shortcomings, a first iteration
adaption of a functional and comprehensive layered Semantic Web archi-
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tecture is proposed as the CFL architecture for the Semantic Web. The
architecture is comprehensive since it adheres to the fundamental aspects
of layered architectures within the information systems domain. The ar-
chitecture is functional because it depicts the required functionality of the
language layers that constitute the envisioned Semantic Web.

One of the advantages of the proposed CFL architecture depicted in
Figure 9.4 is that this architecture is a simplification of the original architec-
ture versions proposed by Bernes-Lee as a result of the abstraction of re-
quired functionality. This simplification enables the use of diverse and non-
related technologies to implement the same functionality. In other words,
different technologies could be used to instantiate the functionality of a spe-
cific layer in the proposed Semantic Web layered architecture. An agreed-
upon and generalised functional and comprehensive layered architecture
for the Semantic Web will aid the acceptance of diverse technologies for
implementation of the required functionalities. Such acceptance is impor-
tant for the eventual realisation of the Semantic Web.

Similarly to the ISO/OSI model description, the proposed CFL architec-
ture aims to present a structure that permits the meta-data languages for
the Semantic Web to be viewed as logically composed of a succession of
layers, each wrapping the lower layers and isolating them from the higher
layers [265]. It is also necessary that, for each layer, interfaces with its
upper and lower layers are established in future research. Interfaces are
used to standardise access to the functionality provided by a layer.

The present versions of the Semantic Web layered architecture of
Berners-Lee were developed to depict technologies adopted by the W3C
as standards or W3C Recommendations. This correlates with the man-
date of the W3C that includes the development of specifications for the
Web. However, given the result of this research, it is possible to argue that
the definition of a general, accepted layered architecture with functional
components might assist the W3C in developing diverse technology spec-
ifications for the implementation of the relevant functionalities. This could
assist the W3C to include all technology developments rather than to make
a choice for the adoption of only one standard to the exclusion of other
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technologies. This position is similar to the position adopted by the net-
work community with the acceptance of the ISO/OSI layered architecture
as architectural framework for network interoperability standards.

It is acknowledged that not all issues pertaining to the layering of the
Semantic Web languages have been resolved by this approach. However,
this is an important step towards realising the notion of the Semantic Web.
This approach would include, rather than exclude technologies that would
have as benefit a more rapid adoption of the Semantic Web. The defini-
tion of W3C specifications needs an appropriate level of abstraction to be
able to penetrate sufficiently into the implementation domain, and this is
provided by the proposed CFL architecture for the Semantic Web.

Finally, the process followed, the results of the individual research ques-
tions, as well as the successful application of the adapted model constitute
a contribution in the formulation of a convincing argument for the develop-
ment of a comprehensive and functional layered architecture for the Se-
mantic Web. This argument is based on the following premises:

> The Semantic Web comprises several diverse technologies spanning
a vast application domain.

> Itis possible to argue that the present versions of the layered architec-
ture, proposed by Berners-Lee [28, 31, 34, 35], upon scrutiny, depict
inconsistencies and irregularities, and no description of their meaning
has been formally published.

> At present, there is no generally accepted comprehensive and func-
tional architecture for the Semantic Web in literature.

> Furthermore, no formal W3C initiative has so far been established
to address the issue of a conceptual architecture for the languages
required to describe the meta-data of the Semantic Web specifically .

There is a requirement for a comprehensive and functional layered ar-
chitecture for the Semantic Web due to the following reasons:

> In order to adopt and apply the Semantic Web, an understanding of
the technologies, their function and status is required. This require-
ment is addressed with the first part of Research Question 1.

> In order to discuss and develop the Semantic Web with its associ-
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ated technologies, a functional framework or architecture is required
(as was done with the ISO/OSI layered architecture for network inter-
operability). This requirement is addressed with the second part of
Research Question 1.

> In order to adapt the Semantic Web or the current proposed technolo-
gies, a framework and evaluation mechanism are required to deter-
mine whether the adaptation improves the status quo. This require-
ment is addressed with Research Question 2.

> An architecture reflects design decisions, and design decisions need
to be made based on design principles or corollaries in order to be
comprehensive. This requirement is addressed by considering the
criteria established for Research Question 2.

From the premise and the established requirements, it is possible to ar-
gue convincingly that the development of a comprehensive and functional
layered architecture for the Semantic Web indeed constitutes a contribu-
tion within the Semantic Web application domain, thus presenting research
Question 3.

9.5 ADDITIONAL RESEARCH CONTRIBUTION:
SOFTWARE ENGINEERING DISCIPLINE

Apart from the research contributions discussed in Section 9.2 to Section
9.4, it is also possible to reflect on the contribution of the study to the Soft-
ware Engineering discipline in general. In addition, the research process
of this study is regarded as a contribution towards qualitative research pro-
cesses within the Software Engineering discipline.

With regard to the contribution within the Software Engineering disci-
pline, the first contribution is a discussion on the comprehensive and func-
tional layered architecture as a model (Section 9.5.1). Secondly, a method
is proposed for architectural developers to follow during architectural devel-
opment (Section 9.5.2). Lastly, comments are made in Section 9.5.3 on the
research approach followed within this study as an innovative approach for
qualitative research within the Software Engineering discipline, especially
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for other studies similar to this one.

9.5.1 The comprehensive and functional architecture as model

Models are abstractions of reality and are indispensable for the effec-
tive use of any kind of knowledge within the Software Engineering disci-
pline [181]. Objects within Software Engineering have to be considered
from different viewpoints by different audiences, and for this powerful and
consistent modelling techniques are necessary. In this respect architec-
tures are models used to model the invisible aspects of software systems
[10, 181, 259].

In order to comment on the proposed CFL architecture as model, the
characteristics of successful models according to Wentzel [259] are con-
sidered. He proposes that a successful model is:

> useful - it must solve a problem,

> intuitive - the target user must be able to understand and interpret the
model; and

> predictive - a user should be able to use the model to plan his/her
future activities.

In the case of the CFL architecture for the Semantic Web, it is possible
to argue that the architecture is:

> useful - it contributed towards solving the problems of the usage sce-
narios of Chapter 8, namely problems related to the layering of Se-
mantic Web technologies, as well as the accommodation of diverse
but functionally similar technologies,

> intuitive - the target users should be able to understand and interpret
the model because the model depicts functionality rather than tech-
nology. In addition, the functionality of each layer is clearly defined.
The meaning of the layering is also described, and the architecture
conforms to the criteria of the evaluation mechanism; and

> predictive - a user should be able to use the model to plan future
activities. The model allows for the instantiation of the layers making
use of different technologies. In addition, any developer that wants to
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adopt the Semantic Web architecture will be able to incorporate the
CFL architecture into system design activities, and in such a case the
architecture would assist with the inclusion of fundamental layered
architectural principles into the design.

Since the proposed CFL architecture for the Semantic Web adheres to
all three of Wentzel’s prerequisites for a successful model, it is the con-
tention of the author that the proposed CFL architecture may be regarded
as a successful model.

9.5.2 A method for layered architecture development

Architectural developers should consider a number of aspects during the
development of layered architectural structures. Omitting to do so may
result in a layered architectural structure that represents poor design deci-
sions and a system that is not sustainable. However, architectural devel-
opers are often so preoccupied with the analysis of the application domain
where the detail of the different components of the layered architecture is
established, that the development of the layered architecture adhering to
established design decisions and acting as a comprehensive communica-
tion tool, is neglected. Furthermore, there is no set of guidelines on the
development of layered architectures.

In addition to the contribution made for layered architectures in the Se-
mantic Web application domain, the method followed to establish the com-
prehensive and functional layered architecture is suggested as a method
for layered architectural development. The steps suggested for establish-
ment of layered architectures, graphically depicted in Figure 9.5, include:

> Step 1: Consider technological implications,
> Step 2: Establish an evaluation mechanism,
> Step 3: Construct a layered architecture; and
> Step 4: Assess the layered architecture.
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Figure 9.5: Architectural development method

9.5.2.1 Step 1: Consider technological implications

In this study, Step 1 comprised an investigation of the technologies de-
picted by the current versions of the layered architecture as proposed by
Berners-Lee [28, 31, 34, 35]. From this investigation the status and func-
tion of the reflected technologies are extracted (Chapter 5 and Appendix
A).

In this first step, the architectural developer therefore investigates exist-
ing technologies and develops a status model reflecting the current status
quo. Considerations include the limitations of current technology specifica-
tions, as well as technology interactions and the impact of layering. Risks
involved in Step 1 execution include that any status quo may change rapidly
and a status model could therefore rapidly become outdated.
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9.5.2.2 Step 2: Establish an evaluation mechanism

In the second step, the architectural developer should consider the eval-
uation mechanism to be used as guideline during development of the ar-
chitectural structure. In this study Step 2 comprised the development of
an evaluation mechanism for layered architectures based on an extensive
literature study because it was determined that there is no generally ac-
cepted evaluation mechanism for layered architectures in current literature.
This study included the establishment of applicable design corollaries and
their integration into the evaluation mechanism criteria. In addition, this
evaluation mechanism was calibrated against the ISO/OSI architecture.

Considerations during this step are:

> A proof that the evaluation mechanism are useful (e.g. proof to show
that the mechanism can be used for different architecture evalua-
tions).

> Using the evaluation mechanism as starting point to indicate that the
existing structures are not adequate.

> If an evaluation mechanism is constructed, it should be calibrated
before it is used for evaluation.

> The criteria of the evaluation mechanism should integrate applicable
Software Engineering design principles.

Developers should guard against an evaluation mechanism that is not
applicable or is an invalid measurement instrument for the object being
evaluated. The calibration of any evaluation mechanism against an object
that may be regarded as a standardised object will ensure that the evalua-
tion mechanism is valid.

9.5.2.3 Step 3: Construct a layered architecture

The next step is to construct an architecture, which should be based on
existing architectures (if any) and furthermore to consider the characteris-
tics of architectures. The evaluation mechanism established (or identified)
during Step 2 could be used as guideline during the definition of the archi-
tecture.
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Within this study, both the functionality extracted in Step 1 and the cri-
teria of the evaluation mechanism of Step 2 were used as building blocks
to compile a first iteration comprehensive and functional layered (CFL) ar-
chitecture for the Semantic Web. By adhering to the previously established
evaluation criteria, it can be argued that the adapted architecture complies
with being functional and comprehensive.

9.5.2.4 Step 4: Assess the layered architecture

In this study, Step 4 comprised an assessment of the proposed CFL archi-
tecture by evaluating it using the evaluation mechanism as well as apply-
ing it to usage scenarios. However, it is recognised that the proposed CFL
architecture of this study is only a first version, and in order to be agreed-
upon and fully functional for general adoption, more role players need to
participate in the construction of such an architecture.

To generalise this assessment action for the purpose of an architec-
tural development method, Step 4 should include the assessment of the
constructed architecture from at least two perspectives. The layered archi-
tecture should firstly be evaluated from an architectural perspective using
the evaluation mechanism, and secondly from an application perspective
by applying this architecture to usage scenarios.

The evaluation from an architectural perspective using the evaluation
criteria, establishes how the developed architecture adheres to the defined
characteristics, and shortcomings are subsequently identified. Where pos-
sible, the architecture is adapted to address these shortcomings and to
reflect stricter adherence to the established criteria.

For the assessment from an application perspective, the architecture
should however be applied to a number of usage scenarios to reflect on
the feasibility of the model within different application domains. Should the
architecture be found not to be useful in practice, the architectural devel-
oper need to revisit the model. In addition, the chosen usage scenarios
should be as diverse as possible in order to allow for a comprehensive
assessment of the usefulness of the architecture.
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9.5.3 The qualitative research process

A further contribution identified for this research comprises the qualita-
tive research approach followed during this study. Traditionally, research
within the Software Engineering discipline inherited the more rigorous ap-
proach followed by Computer Scientists where the focus was primarily on
the proof of techniques in practice. Within Software Engineering, where
the focus is on model construction, tools, methods, methodologies etc, the
researcher is faced with complex problems, which often require a variety
of research methods. For example, in the last decade within Software De-
velopment the focus shifted to more user-centred application development,
which caused the introduction of new concepts within new disciplines, such
as Human Computer Interaction (HCI). Similarly, with new technologies de-
veloped daily, the Software Engineering discipline need to investigate re-
search methods (or a combination of research methods) that will enable
the researcher within this discipline to establish applicable standards, tools
and techniques.

In the research conducted in this study, the focus is on the development
of a layered architecture for the Semantic Web application domain. No sin-
gle research method was found to be adequate and it was therefore nec-
essary to investigate a combination of two different qualitative approaches,
namely a model-building study combined with a methodological study (Fig-
ure 9.6).

Case scenarios

Model building N
S

Data
7 saturation

Methodological Ewaluation
study rmechanism Other
models

Figure 9.6: Research approach used

In this study, the initial research activity was the collection of data. The
data set saturation technique [194] was utilised to ensure completeness

AJ Gerber 265 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



CHAPTER 9: CONTRIBUTION

of the qualitative data set. In addition, two specific qualitative research
techniques were identified and used to execute three qualitative studies. A
model-building study was applied to build the functional status model of the
Semantic Web, as well as the construction of the proposed CFL Semantic
Web architecture. Furthermore, a methodological study was applied to
develop an evaluation mechanism for layered architectures.

For studies similar to this study where the focus is on the development
of models that may act as guidelines or standards, such as a layered ar-
chitecture, the following steps are suggested (apart from the first step, the
data collection step, the following steps are not necessarily in a specific
order of sequence):

> Initiate the study with a data collection activity until data saturation is
achieved (this step consists of a data collection, analysis, and storage
of relevant literature phases).

> Follow a model-building study to build a status model reflecting the
current status of technologies within the problem domain and propose
the new/adapted model or layered architecture.

> Conduct a methodological study where an evaluation mechanism is
identified for verification purposes.

> Verify the evaluation mechanism against existing accepted models to
calibrate the mechanism and ensure that it can be trusted.

> Verify the status model in order to ensure that it adheres to the eval-
uation criteria and if not, identify the shortcomings.

> Evaluate the suggested model against the evaluation criteria. Repeat
the design of the model to eliminate any criteria to which the structure
does not adhere (if possible).

> Test the new model against usage scenarios to investigate the use-
fulness thereof in the relevant application domain. Identify any short-
comings/weaknesses and redesign the proposed model if necessary.

Prescribed verification mechanisms are generally lacking within qualita-
tive research approaches and this is problematic. In this study, verification
was incorporated throughout the process. An evaluation mechanism for
layered architectures was constructed as a building block in the construc-
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tion of the CFL architecture. However, even in the construction of the eval-
uation mechanism, verification was ensured by calibrating the mechanism
against an existing, accepted layered architecture (the ISO/OSI architec-
ture). The established evaluation mechanism was used to construct, as
well as validate, the CFL architecture. As additional verification mecha-
nism and to counteract the problem of models being too abstract, the CFL
architecture was applied to usage scenarios to ensure that it is useful.

The described qualitative approach used that includes data set comple-
tion, the execution of model-building and methodological studies, as well as
the establishment of qualitative verification mechanisms, could be regarded
as a further research contribution within qualitative research techniques in
the Software Engineering discipline.

9.6 CONCLUSION

In this chapter, the identified contributions of this study are discussed by
referring to the research questions that were formulated. In answer to Re-
search Question 1, the study contributed a functional Semantic Web status
model. The research that supports Research Question 2 constitutes a con-
tribution in the form of an evaluation mechanism for layered architectures.
The third contribution in answer to Research Question 3 is a proposed
comprehensive and functional layered (CFL) architecture for the Semantic
Web.

Three additional contributions of the research contained in this study,
were identified as contributions within the Software Engineering discipline
as well as in qualitative research processes. Within Software Engineering,
the first contribution assesses the comprehensive and functional layered
architecture against characteristics of a successful model. The secondly
contribution is a method proposed for architectural developers to follow
during the construction of layered architectures. Lastly, the research ap-
proach followed in this study is discussed as an innovative approach for
qualitative research within the Software Engineering discipline for studies
similar in nature to this study.
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10.1 INTRODUCTION

In this chapter, this study is concluded through a summary, a reflection and
several recommendations. The research findings pertaining to this study
are summarised in Section 10.2. In Section 10.3, reflections on the re-
search from a methodological and substantive perspective are presented.
In Section 10.4, recommendations based on this study are presented, in-
cluding recommendations for policy and practice, as well as for further re-
search and developmental work. This is followed by a short closure in
Section 10.5.

10.2 SUMMARY

The remarkable adoption of the Web into society resulted in several us-
age problems such as information overload, discrepancy and trustworthi-
ness. The Semantic Web is regarded as the inevitable successor of the
current Web and according to its founder [38], it will, amongst other things,
solve these problems according to its founder . In this vision, the Semantic
Web is portrayed as an information space usable by sophisticated software
agents that act on behalf of their users to solve their problems.

In this study a definition for the Semantic Web was compiled following
a presentation of Semantic Web discussions as found in literature (Section
2.3.1, p.33). This definition describes the Semantic Web as:

1. a Web enriched with semantic meta-data that will enable agents to
execute complex information management tasks on behalf of their
users,

2. a mechanism that contributes towards data, information and knowl-
edge exchange and integration across communities and applications;
and

3. a comprehensive architecture of meta-data language functionality
that can be instantiated with different technology standards and spec-
ifications.

In this definition, the Semantic Web is described, amongst other things,
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as a comprehensive architecture of meta-data language functionality. An
architecture depicts the structure and components that comprise a system
within a specific context [18, 105]. Often architectures depict the organisa-
tion of components according to several identified patterns, one of which is
the layered architecture [18]. An architecture also depicts design decisions
and is indispensable for the successful implementation of a system. De-
sign decisions should be guided by Software Engineering design principles
and corollaries as presented in Section 1.1 [14, 91].

Since the Semantic Web vision was envisaged, Berners-Lee presented
several versions of a Semantic Web architecture where existing W3C tech-
nologies and functionalities are layered into an increasingly expressive
stack [28, 31, 34, 35]. In the context of the languages of the Semantic
Web, the existing versions of the architecture conforms to architecture def-
initions because its intention is a depiction of the language components
necessary to describe meta-data for the Semantic Web. However, it is un-
clear what exactly is intended by these representations since a description
of its precise meaning is lacking in literature. Upon scrutiny, the proposed
architecture versions contain several inconsistencies and discrepancies.
This lack of intended meaning results in obstacles for adopters and devel-
opers of the Semantic Web and its associated technologies. In addition,
the Semantic Web is diverse and its associated technologies span various
application domains. The lack of a functional architecture causes prob-
lems with regard to the assimilation of the context, application domain,
and functionality of the Semantic Web and its associated technologies for
prospective users. In addition, the lack of an agreed-upon and accepted
architecture is also problematic for the specification, acceptance and adop-
tion of W3C Recommendations since a useful framework is lacking.

A comprehensive and functional layered (CFL) architecture for the Se-
mantic Web is thus required, and this study describes the research con-
ducted towards the development of such an architecture. The purpose of
this study is thus stated to be the development of a comprehensive and
functional layered architecture for the Semantic Web, where:

> An architecture is a model that depicts the structure of components
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of which a system within a specific context comprises.

> A layered architecture is an architecture that organises the system
components or groups of components into successive layers logically
similar and of equal rank. Any layer uses functionality presented by
its lower layers and isolates these lower layers from layers above.

> A functional architecture is an architecture that depicts components
identified by their function within the system.

> A comprehensive architecture is an architecture reflecting design de-
cisions based on established Software Engineering principles.

> Finally, the Semantic Web is regarded as the inevitable successor of
the present Web, providing an intelligent information space compris-
ing of a layered architecture of increasing semantically expressive
languages for software agents to roam and to perform sophisticated
information management tasks on behalf of their users.

The research questions are defined to support the purpose of the study,
namely the development of a comprehensive and functional layered (CFL)
architecture for the Semantic Web. These research questions are:

’ \ Research Questions ‘

(1) | What is the function of each technology included in the present

versions of the Semantic Web layered architecture?

> What is the status of the specified technologies within the
present versions of the Semantic Web layered architecture?

(2) | To which criteria should a layered architecture conform in order

to adhere to system design principles?

> Which aspects should be considered when architectures, and
in particular layered architectures, are evaluated?
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(3) | How can the proposed Semantic Web layered architecture be
adapted to be comprehensive and functional, and conform to the
criteria identified for layered architectures?

Table 10.1: Research Questions

The theoretical framework underpinning these questions is contained in
Part | of the study, and comprises Chapters 2 and 3, as well as Appendix A
that presents a discussion of the Semantic Web, the Semantic Web archi-
tecture and Semantic Web technologies respectively. A research approach
and design to answer the research questions have been included in Chap-
ter 4. In order to construct a comprehensive and functional layered archi-
tecture for the Semantic Web, the research activities with their associated
results that answer the respective research questions are discussed in the
remainder of this section.

10.2.1 Summary: Research Question 1

Research Question 1 aims to determine the status and function of the
technologies associated with the Semantic Web according to the two ini-
tial architecture versions of the Semantic Web suggested by Berners-Lee
[28, 31, 33]. The research activities and results are described in Chapter 5,
where an adapted architecture model reflecting the current status quo as
well as the functionality of the Semantic Web technologies is constructed.
This status model (Figure 5.6, p.127) reflects various refinements imposed
considering the status quo of current technology, and imparts some insight
into the limitations of the technologies currently supporting the proposed
Semantic Web layered architecture versions. In order to construct a com-
prehensive and functional layered (CFL) architecture for the Semantic Web,
the identified functionality of the reflected technologies was used towards
the construction of a functional layered architecture for the Semantic Web.
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10.2.2 Summary: Research Question 2

In order to comment on, adapt or design any architecture, a need exists for
the establishment of evaluation criteria for architectures based on estab-
lished Software Engineering design principles. Research Question 2 aims
to establish the criteria that a layered architecture should conform to in or-
der to adhere to system design principles, as well as define the aspects to
consider during an evaluation of software architectures and, in particular,
layered software architectures. These research activities and results are
described in Chapter 6 where an evaluation mechanism for architectures, in
particular layered architectures is constructed (Section 6.4.2, p.170). This
evaluation mechanism consists of criteria extracted from investigations into
various aspects of architectures and layered architectures. To calibrate this
evaluation mechanism, the ISO/OSI layered architecture obtained from lit-
erature was assessed, and it conformed to the criteria. It is plausible to
state that the evaluation mechanism can assist researchers and system
architects to evaluate and design architectures in general, and layered ar-
chitectures in particular. In order to construct a comprehensive and func-
tional layered architecture for the Semantic Web, the identified criteria were
used towards the construction of a comprehensive layered architecture for
the Semantic Web.

10.2.3 Summary: Research Question 3

Research Question 3 focuses on the construction of a comprehensive and
functional layered (CFL) architecture. In order to develop such an archi-
tecture, the proposed V2 version of the Semantic Web layered architecture
[31] is adapted to conform to the established criteria for layered architec-
tures. These research activities and results are described in Chapter 7
where a first iteration of the CFL Semantic Web architecture is developed
from both the extracted functionality of Chapter 5 and the evaluation mech-
anism of Chapter 6. The architecture is presented in Figure 7.3 on page
196. The architecture adheres to the criteria of the evaluation mechanism
and is thus both functional and comprehensive. It is acknowledged that
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not all issues with regard to the layering of the Semantic Web languages
have been resolved by this approach. However, the first version of the ar-
chitecture is an important step towards realising the notion of the Semantic
Web.

10.2.4 Summary: Contribution to the Software Engineering
discipline

In Section 9.5, the additional research contributions are discussed to in-
clude the argument that the layered architecture developed is a model
since it adheres to the characteristics of a successful model as formulated
by Wentzel [259], which states that a successful model is useful, intuitive
and predictive.

The method used for the development of layered architecture models
constitutes the second contribution towards the Software Engineering dis-
cipline. This method is summarised to include four steps namely (1) Con-
sider technological implications; (2) Establish an evaluation mechanism;
(3) Construct a layered architecture; and (4) Assess the layered architec-
ture.

Lastly, the research approach formulated to conduct the research is
considered as a research contribution. In this approach the data satura-
tion technique was used for data collection, and two qualitative research
approaches, namely a model-building study and a methodological study,
were combined to constitute the research approach. This approach is pre-
sented as a feasible research design for studies of a similar nature within
the Software Engineering discipline.
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10.3 SUBSTANTIVE AND SCIENTIFIC REFLECTION

In this section some lessons learnt during the execution of the research for
this study are discussed. The goal with substantive reflection is to com-
pare the results of the research reported on in this study with other related
research in the same field, while scientific reflection focuses on what the
research contributes to the scientific body of knowledge.

The Semantic Web is an active research field that has captured the
imagination of researchers, developers and users, resulting in a prolific
amount of publications. Therefore, any reader who wants to keep abreast
of current trends faces a daunting task. However, the status of Seman-
tic Web technologies is prescribed the W3C, which follows a rigourous
process for the inclusion of such technologies. Any research within the
Semantic Web application domain should take cognisance of the rapid de-
velopment of this domain. As far as the status and function model of the
Semantic Web is concerned, the scientific contribution of the status model
was discussed in Chapter 5. However, due to the growth and development
of the Semantic Web, the substantive reflection includes the notion that
such a model could soon be obsolete.

Within the Software Engineering discipline, publications on the devel-
opment of architectures are less common. No publications on criteria or
evaluation mechanisms for architectures could be found, although Bass
et al. [18] provides measures to determine whether a software architecture
reflects the user requirements and contribute successfully towards system
design and implementation. There are several publications in literature that
present or adopt architectures, but few discuss the processes and meth-
ods necessary to construct an architecture. In this regard, the evaluation
mechanism for layered architectures constructed in this study seems to be
distinctive and this constitutes a unique contribution.

No version of a Semantic Web architecture with associated meaning de-
scriptions has been formally published. The versions put forth by Berners-
Lee as discussed in Chapter 3 were part of his presentations and gen-
erally depicted an organisation of W3C technology recommendations that
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form part of the Semantic Web. In addition, the formally specified W3C
initiatives do not specifically address the development of a Semantic Web
architecture. At this stage the focus of Semantic Web research seems to
be on specific technology issues rather than on the design of the Seman-
tic Web. As regards a Semantic Web architecture, the contention is that
this research is unique and this study contributes to the scientific body of
knowledge in this respect. With regard to the substantive reflection, and to
the best of the author’s knowledge, no similar research has been published
to date apart from Gerber et al. [110].

Publications on topics concerning the construction of models within
Software Engineering, as well as studies describing model-building tech-
niques and tactics, particularly using qualitative data analysis techniques,
are limited. In this regard the study also contributes to the body of scientific
knowledge.

10.4 RECOMMENDATIONS

10.4.1 Recommendations for policy and practice

The adapted comprehensive and functional layered architecture for the
Semantic Web provides a framework for the development of data-
interoperability standards or languages. By constructing and applying the
layered architecture in a similar fashion to the ISO/OSI architecture, di-
verse technology standards could be accommodated to realise the Se-
mantic Web. It is therefore recommended that the W3C as standards body
consider adoption of such an architectural framework.

10.4.2 Recommendations for further research

The initial version of the comprehensive and functional layered architecture
for the Semantic Web is by no means conclusive, and key stakeholders
and role players have to be engaged to refine the model. Further research
could include the establishment of the process necessary to ensure that the
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eventual architecture is comprehensive and functional, as well as the es-
tablishment of the various Software Engineering processes and techniques
required to facilitate participation by all interest parties for the establishment
of the eventual CFL architecture.

The development of clear functionality implementations within the CFL
Semantic Web architecture will assist with the determination of boundaries
as well as interface specifications. Interface specifications to the compo-
nents contained within a layer thus remains a topic for future research.

The development of the security stack of the proposed CFL Seman-
tic Web architecture is recommended for future research. The functional
layers of such an architecture as well as the integration thereof into the /an-
guage architecture are unresolved issues. It might be required to include
security functionality within each language layer, or the security function-
ality might be extracted into a separate layered architecture with definite
boundary interfaces with the language layers.

10.4.3 Recommendations for further development work

The development of diverse technology standards with their interfaces as
instantiations of specific functional layers is a requirement for the success-
ful realisation of the Semantic Web.

There are several diverse technologies with application possibilities
within the Semantic Web, and the refinement of the proposed CFL Se-
mantic Web architecture as well as the technology specifications are clear
requirements to be addressed in future development work.

In addition, the incorporation of the proposed CFL Semantic Web archi-
tecture into the design and development activities of Semantic Web appli-
cations would shed light on additional requirements for these applications
as well as impose possible refinements of the CFL Semantic Web archi-
tecture.

Successful Semantic Web applications that solve the problems associ-
ated with information overload and discrepancy resolution will be the next
major application on the Web. This application is required by, but not lim-
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ited to, all users of the Web. Any user who are confronted by vast and
diverse information sources, would benefit from such an application. The
CFL architecture for the Semantic Web might assist with the resolution of
the problems currently experienced by researchers and developers within
the Semantic Web application domain.

10.5 CLOSURE

Thus, within this study a comprehensive and functional layered architecture
for the Semantic Web is constructed. It is concluded that the construction
of such an architecture is indeed required and feasible due to the many
advantages thereof, such as communication, inclusiveness and the growth
and adoption of the Semantic Web with its associated technologies. To
support the construction of a comprehensive and functional layered archi-
tecture for the Semantic Web, three contributions are constructed, namely
a status and function model for the Semantic Web, an evaluation mech-
anism for layered architectures, and the first iteration of a comprehensive
and functional layered architecture for the Semantic Web. In addition, the
study firstly contributes to the Software Engineering discipline by estab-
lishing that the constructed architecture is a successful model according to
the characteristics determined by Wentzel [259]. Secondly the study con-
tributes by proposing a method for architectural development, and lastly,
by formulating a qualitative research approach for use in similar research
studies.
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A.1 INTRODUCTION

The purpose of this report is to present an overview of the technologies
envisioned as part of the Semantic Web.

The questions of concern in this report are:

> What are the different technologies depicted on the layers of the Se-
mantic Web architecture?

> What are the interrelationships between the technologies depicted in
the Semantic Web architecture?

The Semantic Web was introduced in 2001 by Tim Berners-Lee [38] in
his vision of a new intelligent Web. Complementing this vision, he proposed
four versions of the Semantic Web architecture [28, 31, 34, 35], for the
purpose of this report labelled V1, V2, V3 and V4 respectively, as indicated
in Figure A.1.

Version V1

Version V2 “

Digital Signature

Unicode

Version V4
| User Interface & applications |

[ m
[ Proot
| unitying Logic | ]_

ontology: Rules:
OowL RIF

DLF oot

~ RDFSchema ADF-S e
RDF Core e

[ um | Unicode | U Unieods

Version V3

Figure A.1: The four versions of the Semantic Web architecture [28, 31,
34, 35]
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Versions V1 and V2 have been adopted more than once in literature
by authors who regard this model as the Semantic Web architecture of
choice [6, 101, 124, 130, 147, 190, 191, 223]. In contrast, there was no
significant adoption of versions V3 and V4 of the architecture. In this report,
the technologies of the Semantic Web are discussed with reference to the
adopted versions (V1 and V2) of the layered architecture [28, 31]. For each
technology the appropriate terms together with its history and relation to
other important concepts are discussed.

The technology investigation in relation to the underlying architecture is
discussed in Section A.2. Sections A.2 to A.10, discuss the technologies
according to their position in the different layers in the architecture. In order
to be comprehensive, the additional technologies depicted in versions V3
and V4 of the layered architecture, are summarised in Section A.11. The
report is concluded in Section A.12.

A.2 SEMANTIC WEB TECHNOLOGIES

The Semantic Web is an information space used by machines rather than
humans. Instead of processing and manipulating Web information, a user
would have a personal agent on his/her computer that would solve prob-
lems related to information overload, acquisition and discrepancy resolu-
tion [84]. Once an agent has executed the first level of information man-
agement, a user would access or manipulate the results. In order to exe-
cute these tasks, the information the agents uses has to be presented in
an increasing semantically enriched format by means of several technol-
ogy layers. These technology layers are depicted in the different versions
of the Semantic Web layered architecture.

Versions V1 and V2 of the architecture are presented in Figures A.2
and A.3 with added Layer captions for reference purposes. In both these
versions of the Semantic Web architecture, a higher level layer language
use the syntax and semantics of its immediate lower level layer.

In Sections A.3 through A.9 the different layers of V1 and V2, as pre-
sented in Figures A.2 and A.3, are considered. The discussion of each
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layer comprises a description of the residing technologies. Sections A.10.1
and A.10.2 discusses the vertical layers, digital signatures and encryption,
which serves as identification authentication as well as security mecha-
nisms for layers three to six.

A.3 LAYER 1: UNICODE AND URI

Layer 1 in both models comprises Unicode and URI (Uniform Resource
Identifier) technologies.

A.3.1 Unicode

Unicode aims to uniquely identify the characters in all the written languages
by assigning a unique number to each character. In order to uniquely
identify each character, Unicode specifies the universal character encod-
ing standard used for representation of text for computer processing. In
general, character encoding standards define not only the identity of each
character and its numeric value (code point), but also the representation of
the value in bits. Unicode extends ASCII by assigning a unique numeric
value and name for each character used in all the written languages of the
world [72].

Rules Trust Layer 7

Data Proof %‘ Layer 6

Data Logic .gy Layer 5
Ontology vocabulary § Layer 4

RDF + rdfschema g, Layer 3

| Layer 2

Unicode Layeih

Figure A.2: The V1 Semantic Web architecture ([28])
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Trust Layer 7
Proof Layer 6
Logic Layer 5
framework =
ol .©
=
Rules % % Layer 4b
Layer 4 5) g
Ontology 2y Layer 4a
RDF Schema Layer 3b
Layer 3 ST,
RDF M&S Layer 3a

Layer2
L un | uncode  [ENRR

Figure A.3: The adapted Semantic Web architecture (V2) ([31])

The Unicode Standard is specified by the Unicode Consortium [71]. The
Unicode Consortium is a non-profit Organisation founded to develop, ex-
tend and promote use of the Unicode Standard [72]. Its membership repre-
sents a broad spectrum of corporations and organisations in the computer
and information processing industry. The standard supports three encod-
ing mechanisms, UTF-8, UTF-16 and UTF-32, allowing the same data to
be encoded in a byte, word or double word format (i.e. in 8, 16 or 32-bits
per code unit). All three encoding mechanisms encode the same common
characters and can be transformed into one another. Any of these encod-
ing methods is endorsed as a way to implement the Unicode Standard [72].

UTF-8 is generally used for HTML or similar protocols. UTF-8 trans-
forms all Unicode characters into a variable length encoding of bytes. It has
the advantages that the Unicode characters corresponding to the familiar
ASCII set have the same byte values as ASCII, and that Unicode char-
acters transformed into UTF-8 can be used with existing software without
rewrites. UTF-16 is utilised in environments that need to balance efficient
access to characters with economical use of storage. It is more compact
than UTF-8 and the characters that are used in general fit into a single 16-
bit code unit, whilst all other characters are accessible via pairs of 16-bit
code units. UTF-32 is popular where memory space is no concern and
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where fixed width, single code unit access to characters is desired. When
using UTF-32 each Unicode character is encoded as a single 32-bit code
unit [72].

The three encoding forms of Unicode use a common collection of char-
acters but also allows for the encoding of more characters as required. The
standard makes provision for all known character encoding requirements,
including full coverage of the historic scripts of the world, as well as punctu-
ation marks, diacritics', mathematical symbols, technical symbols, arrows,
and even characters such as dingbats [72].

The Unicode Standard has been adopted by various industry leaders
and is required by standards such as XML, Java, JavaScript, LDAP and
CORBA 3.0. In general it is supported in modern operating systems and
browsers.

A.3.2 URI

A URI (Uniform Resource ldentifier) is defined as an extendable, com-
pact string of characters that is used for the identification of a resource.
Furthermore, a URI is used to identify either an abstract or a physical re-
source. The standard URI specification of the IETF (Internet Engineering
Task Force) is RFC3986 [37]. The IETF is an open international community
of network designers, operators, vendors, and researchers concerned with
the evolution of the Internet architecture and the operation of the Internet.
The technical work of the IETF is done in its working groups, which are
organised by topic into several areas (e.g., routing, transport, security, etc.)
[137, 138].

According to RFC3986, a resource is defined as anything that has iden-
tity. A resource is the conceptual mapping to an entity or set of entities and
not necessarily the entity itself, which corresponds to that mapping at any
particular instance in time. A resource, therefore, remains constant even
when its content changes over time, provided that the conceptual mapping

'Diacritics are modifying character marks such as the tilde ~, that are used in conjunction
with base characters to represent accented letters such as f.
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is not changed in the process. This is an area of debate called the Se-
mantic Web Identification Problem and the related issues have not been
resolved yet [218].

An identifier is an object that can act as a reference to something that
has identity. In the case of URI, the object is a sequence of characters,
ideally Unicode, with a restricted syntax.

In addition, the URI specification proposes uniformity, which enables
the use of different types of resource identifiers in the same context, as
well as the reuse of a defined URI in many different contexts. This implies
that new applications or protocols can refer to an existing specified set of
resource identifiers that are in use. The URI specification aims to assist
in the uniform semantic interpretation of common syntactic conventions
across different types of resource identifiers.

URLs (Uniform Resource Locators) are a sub-set of URI that specifi-
cally identify resources by using their network /ocation rather than identify-
ing the resource by name or by other attributes. More specifically, a URL is
a compact string representation of the location for a resource that is avail-
able via the Internet [39]. It generally takes the form: nttp://www.w3c.org/

Addressing/Activity

URNSs (Uniform Resource Names) refers to the sub-set of URI that
is required to remain globally unique and persistent even when the re-
source ceases to exist or becomes unavailable [76, 171]. A URN takes
the form: urn:n1D:NSs where NID is the namespace identifier and NSS is
the namespace-specific string. An example, obtained from Carey [61],
uniquely identify a book with an ISBN as follow: urn:isbn:0-619-01969-7

At present non-ASCII characters are not allowed in URIs [37]. To lift this
restriction, however, IRIs (Internationalised Resource |dentifiers) are being
developed in the W3C Internationalisation Activity [140]. In contrast to an
URI, an IRl is a sequence of Unicode characters®. The present endeavours
towards IRIs suggest the use of UTF-8 as the preferred character encoding
for URIs, and it also supports IRI-to-URI conversion [245].

2Refer to Section A.3.1 on page 288 for Unicode
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Any Web development is inextricably involved with URIs because of the
necessity of global identification. In particular, data on the Semantic Web is
ideally described using IRIs rather than URIs. This is supported at present
by W3C activities. URIs ensure that concepts are not just text but are tied to
a unique definition that can be found by any Web user. With IRls, concepts
are universally accessible across language boundaries.

A4 LAYER 2: NAMESPACES, XML AND XML
SCHEMA

Layer 2 comprises of Namespaces, XML (Extensible Markup Language)
as well as XML Schema technologies (V1 in Figure A.2). In V2 as depicted
in Figure A.3, XML Schema was omitted, however, for this the purpose of
this discussion it will be included as a Layer two technology.

A.4.1 Namespaces

Namespaces (NS) provides a simple method for qualifying element and
attribute names used in XML documents. Namespaces are identified by
URI references. The W3C Namespace Recommendation defines an XML
namespace as a collection of names, identified by a URI reference [37,
47], which are used in XML documents as element types and attribute
names. The Second Edition of Namespaces in XML 1.0 [48] was released
as a W3C Recommendation on 16 August 2006 and supersedes the first
Recommendation of 14 January 1999 [46].

This section discusses the concept of Namespaces as a qualifier for a
domain specifying a grammar or vocabulary on the Semantic Web in XML
using XML Schema. This discussion must therefore be read in conjunc-
tion with the sections on XML (Section A.4.2 and XML Schema (Section
A.4.3)). However, Namespaces is presented before these sections as it
is an underlying concept to any grammar specification such as XML. A
namespace represents a collection of element types and data-type names
and is identified by a unique name [49, 216, 261]. Namespaces are used to
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manage naming conflicts that invariably arise when different authors create
grammars or vocabularies for the Semantic Web.

At present the W3C Recommendation recommends the use of a URL
to identify a namespace because URLs indicate domain names that are
unique and are used throughout the Internet. For the purpose of a names-
pace declaration, this specific URL does not mean a Web address, but
unique identifier. XML Namespaces differ from the namespaces conven-
tionally used in computing disciplines in that the XML version has internal
structure and is not, mathematically speaking, a set [49].

An example illustrates the use of namespaces. Namespaces are usu-
ally declared as an attribute of the root element in an XML Schema in the
following manner:

<aElement xmlns:abc="http://www.abc.com" />.
In the declaration of the attribute xmlns:abc, xmlIns is a reserved word
used only to declare a namespace or to bind namespaces, and it is not
itself bound to any namespace. In addition the prefix abc is bound to the
namespace http://www.abc. com.

It is convention to use the phrase XSD or XS as a prefix for the
XML Schema Namespace. When defining dedicated application names-
paces, the use of meaningful namespace prefixes is recommended since
it assists with the clarity of XML documents. Prefixes are used as
placeholders and are expanded by the namespace-aware XML parser
to use the actual namespace bound to the prefix. In the next exam-
ple the elements Title and Author are associated with the namespace

http://www.literature.com:

<?xml version="1.0"7>
<Book zmlns:lib="http://www.literature.com">
<lib:Title>Emma</1ib:Title>
<1ib:Author>Jane Austen</lib:Author>
</Book>

It is possible to declare a default namespace, meaning that any element
within the scope of the default namespace declaration will be qualified im-
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plicitly if it is not already qualified explicitly using a prefix. As with prefixed
namespaces, a default namespace can be overridden.

The namespaces concept is defined to manage naming conflicts in the
information space of the Web where different vocabularies containing the
same name might co-exist. A namespace defines an information space
wherein all the declared names are unique. Thus, when vocabularies are
combined, names are unique when referenced in association with their
namespaces.

A4.2 XML

XML (Extensible Markup Language) specifies a standard for the exchange
of data over networks, notably the Web. XML is considered to be both a
meta-language and a markup language [61, 84, 159, 257]. The function
of a markup language is to describe information, usually for storage, trans-
mission or processing by an application. The function of a meta-language
is to describe another language formally. XML as meta-language allows
for the specification of the content of documents according to a predefined
and specific structure. All documents conforming to this specification will
have the same structure or represent data items in the specified structure
[233, 257]. In addition, XML as markup language allows for the insertion
of markup tags into text to define the logical structure of a document, or
to add information regarding information contained in a document (meta-
data) [233, 234].

An example adapted from McKinnon and McKinnon [159] could assist
with clarification of the dual role of XML. XML as meta-language may be
used to specify the document structure of documents that is used to store
the contact information of customers in a specific application. For instance,
it might specify the first item as a surname, followed only by initials and
relevant telephone number. In addition, all the documents that contain this
contact information will use XML tags to indicate that the first field in the
document is the surname and initials and in this way, XML is used as a
markup language.
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An XML document is a text document, which in itself does not have
any functionality. It is used only to describe data, information or meta-data
[61, 257]. Thus, XML is a means for defining common grammars to enable
data exchange. XML does not specify semantics. All parties participating in
the data exchange must agree on the data model and document structure
for XML data exchange to be successful. If an XML grammar is accepted
as a standard for data exchange, any XML parser can parse the XML data
and access the content if it is a valid XML document. It is however difficult to
re-engineer the data model from any given XML document if the document
type specification is not available [84, 189].

A.4.2.1 The history of XML

XML was developed from SGML or GML, originally developed by IBM, who
foresaw the need for a way to separate data and its display information
[61, p.1.04]. IBM released GML or Generalised Markup Language in 1973.
With GML there was a first attempt to separate the specific formatting in-
structions of a document from the content of the document. GMLs generic
encoding approach made a document transportable, meaning that it could
be displayed or rendered in different styles without any changes to the orig-
inal document. In 1978, ANSI (the American National Standards Institute)
initiated the development of a standard based on GML [159, 208]. The re-
sult was SGML, the Standardised General Markup Language, approved in
1986 [159, 208, 210].

SGML is an extensive, versatile standard using generic descriptive
markup so that the content of a document is defined completely separate
from its processing. SGML also formalises the concept of a document type
associated with a document in another file called the DTD (Document Type
Definition). DTD is discussed in Section A.4.3.1 on page 301. ADTD iden-
tifies all the elements and their structural relationships to be contained in
a document of that type and a document of a specific type can be verified
against the document type definition to ensure that it conforms to its type
declaration [208, 210].

In spite of its advantages, the versatility of SGML made it too cumber-
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some and too resource-intensive to be adapted or fully incorporated into
applications.

A.4.2.2 HTML and XML

HTML (Hypertext Markup Language) was developed by CERN (European
Organisation for Nuclear Research) mainly because SGML was consid-
ered too cumbersome to develop documents for the Web. HTML is an
application profile of SGML making HTML a SGML document type [208].
A fully compliant SGML system would be able to process HTML docu-
ments. Thus, HTML documents are SGML documents with predefined
markup tags that are appropriate for the representation of information on
the Web [159, 209].

By the 1990’s the Internet was widely adopted as information exchange
medium and the simplified specification of HTML could not meet the func-
tionality demands of Web developers any more. The W3C (World Wide
Web Consortium) initiated an activity to simplify SGML for Web application
development in 1996, which resulted in XML [208]. Like HTML, XML is
an application profile of SGML and any SGML system that fully conforms
will be able to process XML documents. However, XML does not require a
system that is capable of understanding full SGML. XML is not expected to
replace HTML, rather it is designed to deliver structured content over the
Web [61, 199].

XML was readily adopted by Internet users, and the first specification,
the Extensible Markup Language (XML) 1.0 (First Edition) specification,
was accepted by the W3C in 1998 whilst the third edition was accepted as
a W3C recommendation in February 2004 [49].

XML was never intended as replacement of HTML, XML was designed
to describe data that has to be exchanged or transported over networks,
whilst HTML was designed to display Web content and make it acceptable
for general users of the Web.
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A.4.2.3 XML document structure

An XML document is a text document in that it does not have any func-
tionality in itself. It is used only to describe data, information or meta-data
according to the XML specification. In order to use XML, an XML pro-
cessor or XML parser, or application is required. An XML processor or
XML parser reads an XML document, performs validity checks and pro-
vides access to the content and structure of the XML document on behalf
of users or software applications. Applications are software programs that
use XML documents. Note that there is a distinction between application
and XML application in that an XML application is an application of XML,
or an XML language that has been developed according to the XML speci-
fication [61, 84, 159].

The W3C XML Recommendation [49] specifies that XML documents
have a physical structure made up of storage units or entities. Entities
are fragments of XML documents, which range in type and scope from
single characters to complete external documents. Entities can be parsed
or unparsed. Parsed entities contain markup or content text and should
be parsed by an XML processor. An unparsed entity may be text or any
other format, is not parsed by the XML processor and is generally passed
without changes to the application using the XML document.

Furthermore, XML documents have a logical structure according to the
W3C Recommendation, which means that an XML document have a prolog
and one or more elements or containers of information that can be nested
[49, 61].

An XML document prolog is the first major component in any XML doc-
ument and it can consist of up to five possible components:

> An XML declaration,

> Processing instruction(s),

> A Document Type Declaration,
> Comments(s),

> White Space.

All these components except for the first one (XML declaration), are
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optional. The first component, the XML declaration, is the first line in any
XML document and nothing should precede it:

<7xml version="1.0" encoding="UTF-8" standalone="yes">

There are three attributes defined in the XML declaration, namely the
the XML version number, 1.0, the document language encoding desig-
nation, UTF-8, and the standalone specification yes. The version (1.0 in
this case) corresponds to W3C XML Recommendation 1.0. The encoding
attribute is optional, if nothing is specified, the default is UTF-8. Other char-
acter set options such as Unicode are available. The standalone attribute
is also optional with the default being "yes". Yes means that the docu-
ment exists alone and there is no need to refer to any external document
[49, 61, 159].

Elements are the basic building blocks of an XML document, and each
document must at least have one root or parent element . The elements in
an XML document are indicated by start and end tags as indicated below:

<elementname>
content

</elementname>

All other elements contained in an XML document must be nested inside
the root element’s start and end tags. This forms the element hierarchy of
an XML document. Elements may have attributes or attribute specifica-
tions. Element attributes are data that can be specified for elements and
they appear in the form of name-value pairs inside the start tag of an ele-
ment as indicated below [49, 61, 159].:

<elementname attribute="value">
content

</elementname>

XML documents conforming to all the XML syntax rules such as that all
start tags must have end tags etc. are called well-formed XML documents.
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A well-formed XML document consists of a balanced tree of nested pairs
of open and close tags. Each pair can include several attribute-value pairs
[49, 61, 159].

A.4.2.4 Valid XML documents

Valid XML documents are well-formed XML documents that also conform
to their document-type specification as contained in the document’s re-
spective document type declaration (DTD) or schema®. The role of DTDs
and that of XML Schemas are essentially the same. They create a gram-
mar for specific XML documents when they specify, for instance, allowable
combinations and nestings of tag names, as well as attribute names. Both
DTDs and XML Schemas specify only syntactic conventions. Any intended
semantics are outside the realm of an XML specification [49, 84].

Section A.4.3 on page 301 contains a discussion on XML Schema.

A.4.2.5 XML language specifications

There is no fixed vocabulary for XML documents. XML vocabularies are
created for each specific application as required [49, 61, 159, 233].

Since the XML 1.0 Recommendation was endorsed by the W3C in
1998, numerous XML-based vocabularies or languages have been devel-
oped in academia and industry by organisations that have to share high
volumes of information. Some of these are depicted in Table A.1 (adapted
from McKinnon and McKinnon [159], p.17-18).

3Section A.4.3 on page 301
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Language | Description URL / Reference

Acronym

CDF The CDF (Channel Definition Format) is an | http://www.w3.org/TR/
open specification that permits a web pub- | NOTE-CDFsubmit.html
lisher to offer frequently updated collections | (accessed July 2006)
of information, or channels, from any web
server for automatic delivery to compatible
receiver programs on PCs or other informa-
tion appliances

CML Chemical Markup Language (CML) is | http://www.xml-cml.
an extensible base for chemically aware | org/
markup languages. @ The World Wide | (accessed July 2006)
Molecular Matrix is a molecular reposi-
tory and contains and manages chemi-
cal information and molecules entirely in
XML and CML (chemical markup lan-
guage) / CMLComp (computational chem-
ical markup language).

ETD-ML | The Electronic Thesis and Dissertation | http://etd.vt.edu/
Markup Language (ETD-ML) allows se- | etd-ml/userguid.htm
mantic encoding of ETDs independent of | (accessed July 2006)
visual appearance and allows simplified hy-
pertext and multimedia. ETD-ML converts
theses from documents generated in word
processors, for example, to SGML/XML.

SMIL The Synchronised Multimedia Integration | http://www.w3.org/
Language (SMIL) enables simple author- | AudioVideo/
ing of interactive audiovisual presenta- | (accessed July 2006)
tions. SMIL is typically used for "rich me-
dia”/multimedia presentations which inte-
grate streaming audio and video with im-
ages, text or any other media type. SMIL is
an easy-to-learn HTML-like language, and
many SMIL presentations are written using
a simple text-editor.
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MathML MathML 2.0, a W3C Recommendation was | http://www.w3.org/
released on 21 Feb 2001. A product of | Math/

the W3C Math working group, MathML is a | (accessed July 2006)
low-level specification for describing math-
ematics as a basis for machine to machine
communication. It provides a much needed
foundation for the inclusion of mathematical

expressions in Web pages.

Table A.1: XML based languages

A.4.3 XML Schema

An XML schema is an XML document defining the content and structure
of one or more derived XML documents. Generally, a schema is a model
for describing the structure and content of data. XML Schema is a content
modelling language as well as an application of XML that applies only to
XML-related languages and documents. In particular, an XML Schema de-
scribes a model for a whole class of XML documents. The model describes
the possible arrangement of elements, their attributes and text that would
be present in a schema-valid document.

As discussed in Section A.4.2.1, XML was developed from SGML or
GML. SGML specifies the DTD (document-type declaration) as part of a
grammar specification [96]. However, because SGML with its associated
DTDs are regarded as too cumbersome for the specification of data ex-
change vocabularies on the Web, XML Schema was defined by the W3C
to replace DTDs [233]. For completeness the next section will briefly dis-
cuss DTDs.

A.4.3.1 Document Type Declaration (DTD)

SGML introduced the concept of the document-type declaration or DTD as
a mechanism to describe the structure and content for derived documents.
Specifically, a DTD in an XML (or HTML) document provides a specification
of the elements, attributes, comments, notes, and entities contained in the
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document [208]. It also indicates the relationship between these elements
within the document [159].

DTDs, however, have several disadvantages, some of which are listed
below [159, p.105]:

> DTDs have their own syntax (EBNF or Extended Backus Naur Form)
that differs from XML. This means that the same tools cannot be used
to process documents and their document models.

> DTDs have limited ability to describe elements and their attributes,
an example being that it is not possible to indicate whether character
data should be numbers, date format or currency.

> It is difficult to specify the cardinality of sub-elements in DTDs. It is
possible to specify "one or more” of a sub-element, but support for
the specification of any other type of cardinality is limited.

> Lastly, but probably most significant, DTDs have limited support for
namespaces meaning that they can’t define or restrict the content of
elements based on context sensitivity.

It is possible to revise or extend the DTD specification as inherited from
SGML to address the above issues, but this would require the revision of
the SGML standard’s DTD language. The W3C opted for the development
of XML Schema specifically for XML documents to overcome some of the
shortcomings of DTD [165].

Using DTD

This section provides a short summary and some examples of DTD
notation. The discussion is by no means exhaustive and the purpose is
only to give an indication of the DTD syntax and to demonstrate how it is
used.

A DTD specifies the grammar of an XML document and there can only
be one DTD per XML document. A document-type declaration is specified
in the prolog of an XML document. The document type is specified either
in the XML document itself (internal DTD) or referenced as an external
document with the standalone attribute (external DTD) in the prolog of the
XML document [96, 159, p.117].
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An example of the usage of DTDs is shown below. The XML file
hallo.xml has a root element Greeting and this XML file can be validated
against hallo.dtd:

<?xml version="1.0"7>
<!DOCTYPE Greeting SYSTEM "hallo.dtd">
<Greeting>
Hallo World!

</Greeting>

The DTD file hallo.dtd simply specifies the element as:
<!ELEMENT Greeting (#PCDATA)>

For the hallo DTD, any XML content as shown below will be valid:
<Greeting> any text but no markup </Greeting>

The following example would be invalid:

<Greeting>
<aTag>various text</aTag>
<someEmptyTag/>
</Greeting>

DTD Elements
DTDs define five different types of element content [61, p.3.08]:

Any elements where there is no restriction on the element’s content,
Empty elements where the element cannot store any content,

>

>

> Character Data where the element can only contain a text string,

> Elements where the element may only contain child elements; and
>

Mixed element content where the element contains both a text string
and child elements.
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An example indicating that the Book element has two children namely
Title and Author is shown below:

<IELEMENT Book (Title, Author)
<IELEMENT Title (#PCDATA)
<!ELEMENT Author (#PCDATA)

#PCDATA stands for parsed character data which is any well-formed text
string not containing special characters.

DTD Element Attributes

To enforce any attribute properties on an XML element, attribute-
list declarations must be added to the document’s DTD [61, p.3.16-17].
Attribute-lists:

> lists the names of all attributes associated with a specific element,
> specifies the data type of an attribute,

> indicate whether an attribute is required or optional; and

> provides a default value for the attribute where necessary.

The syntax for declaring a list of attributes is

<! ATTLIST element attributel typel defaultl
attribute2 type2 default2
attribute3 type3d default3 ... >

An example of a Customer element that must have a CustomerID at-
tribute with a value ID is shown below:

<! ATTLIST Customer CustomerID ID #REQUIRED>

The purpose of DTD and XML Schema is the same, but their approach
differs. Table A.2 represents an adaption from Carey [61], p.4.14 and high-
lights some of the essential differences between XML Schema and DTD.

DTDs are still used with regard to the specification of XML documents.
However, for the validation of XML documents on the Web, the W3C hopes
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XML Schema

DTD

XML based, written in XML

Written in different format (EBNF)

Schema can be validated by XML
parser

Format not supported by XML
parser

Supports more than 40 data types

Supports ten data types

Supports the creation of cus-

tomised data types

No customised data types

Easily handles mixed element con-
tent

Difficult to specify mixed element
content

Schemas can be attached to
namespaces

DTDs cannot be associated with a
namespace

No support for entities

Entity support

Table A.2: Comparing XML Schema and DTD

to eventually completely replace DTDs with XML Schema declarations
[233]. It is however noteworthy that the adherence of XML as a sub-set
of the SGML standard was the reason for DTD validation. If any new gram-
mar as a sub-set of SGML is defined or developed, it will again use DTD
as a validation mechanism. XML Schema is a sub-set of XML and is only
applicable to XML [96, 165].

A.4.3.2 XML Schema

When the XML 1.0 Recommendation was endorsed by the W3C in 1998
[257], the shortcomings of DTD were known. The XML Schema Working
Group was specifically formed by the W3C to develop an XML Schema
Language. As a result the W3C endorsed the XML Schema Part 1: Struc-
tures [234] and the XML Schema Part 2: Data-types [235] in 2001.

A schema is a model for describing the structure and content of data,
and XML Schema was developed as a content modelling language and
an application of XML, not SGML. XML Schema therefore applies only to
XML-related languages and documents [61, 159] .

An XML Schema describes a model for a whole class of XML docu-
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ments [233]. The model describes the possible arrangement of elements,
their attributes and text that would be present in a schema-valid document.
The schema-models are described in terms of constraints where a con-
straint defines what can appear in a given document. Content model con-
straints define the elements that can appear, as well as the number and
type of components, the order they appear in and whether they are re-
quired or optional. Data-type constraints describe the units of data that the
schema considers valid [61, 159, 233].

A schema defines a class of XML documents, and therefore the term
instance document is often used to describe an XML document that con-
forms to a particular schema. The instance document of the schema rep-
resents a specific instance of the structure that is specified in the schema
document, and it contains relevant content in the structure. [61, 233].

A.4.3.3 XML Schema documents

This section discusses the format and structure of XML Schema docu-
ments, enabling the reader to form a concept of what is required when
developing an XML Schema grammar.

An XML Schema document is in the first place a well-formed XML doc-
ument. Therefore the first line is mandatory and is the XML declaration
required in all XML documents [233].

<?xml version="1.0" encoding="UTF-8"7>
<!-- XML Schema example —-—>
<!-- Next we declare the root element = schema -->
<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema">
document specifications

<\xsd:schema>

The line beginning with <xsd:schema ..> is the start tag for the
schema element which is the root element of the XML document. The
<schema> element is therefore the parent element of all other elements
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or subelements in the schema. The start tag may also include attributes
defining for instance the namespaces and unqualified local elements. The
document specifications are schema components that declare the schema,
in other words the properties and contents of the data that the instance
documents should contain [61, 159, 233].

An XML Schema consists of components. A Schema component is
the generic term for the building blocks that comprise the abstract data
model of the schema [234]. An XML Schema is therefore a set of schema
components, such as:

> Simple type definitions,

> Complex type definitions,
> Attribute declarations,

> Element declarations.

Each of the elements in a schema usually has a prefix xsd: which is
associated with the XML Schema namespace through the declaration,
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema"
that appears in the schema element. The prefix xsd: is used by convention
to denote the XML Schema namespace, although any prefix can be used
[61, 159, 233].

XML Schema differentiate between simple types (which cannot have
element content and cannot carry attributes) and complex types (which
allow elements in their content and may carry attributes). There is also
a distinction between definitions which create new types (both simple and
complex), and declarations for document instances which allow elements
and attributes with specific names and types (both simple and complex) to
appear [233].

XML Schema simple types

Any XML schema declares several elements and attributes that have
simple types. Some of these simple types, such as string and decimal,
are built-in to XML Schema, while others are derived from the built-in’s.
Both built-in simple types and their derivations can be used in all element
and attribute declarations [159, 233—-235].
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There are 44 built-in data types that are part of the XML Schema spec-
ification. The built-in data types consist of either primitive also called base
types, or derived types. The primitive types consist of 19 fundamental data
types that are not defined in terms of other data types. They are also
called atomic types, and the value of an atomic type is indivisible from XML
Schema’s perspective [61, 235]..

The derived data types are a collection of 25 data types that were cre-
ated based on the 19 primitive types [61, 233]. An example of a built-in
type declaration is presented below:

<element name="ID-number" type="positivelnteger" />

This example declares that the ID-number element is limited to only positive
integers.

New simple types are defined by deriving them from existing simple
types (built-in’s and derived). A new simple type can be defined by re-
stricting an existing simple type (signifying that the legal range of values
for the new type are a sub-set of the existing type’s range of values). The
simpleType element is used to define and name a new simple type. The
restriction element is used to indicate the existing (base) type, and to iden-
tify the constraints or the range of values.

For example, defining a new type of integer called newlnteger with a
range of values is between 10000 and 99999 (inclusive) is declared by
using the built-in simple type integer [234, 235]:

<xsd:simpleType name="newInteger">
<xsd:restriction base="xsd:integer">
<xsd:minInclusive value="10000"/>
<xsd:maxInclusive value="99999"/>
</xsd:restriction>

</xsd:simpleType>

User-derived data types are therefore specifically created by the
schema author, and consist of the built-in types and/or other user-derived
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types.

XML Schema also defines other simple types such as union types and
list types (for instance a list of Provinces of South Africa as shown below).
This is in addition to the atomic types described above [234, 235]..

<xsd:simpleType name="SAProvList">
<xsd:list itemType="SAProv"/>
</xsd:simpleType>

<xsd:simpleType name="NineSAProvinces">
<xsd:restriction base="SAProvList">

<xsd:length value="9"/>
</xsd:restriction>

</xsd:simpleType>

Elements whose type is NineSAProvinces should have nine items, and
each of the nine items must be one of the (atomic) values of the enumer-
ated type SAProv.

Atomic types and list types enable an element or an attribute value to
be one or more instances of one atomic type. In contrast, a union type
enables an element or attribute value to be one or more instances of one
type drawn from the union of multiple atomic and list types [234, 235].

XML Schema complex types

As discussed, XML Schema differentiates between complex types
(which may have attributes and/or elements in their content), and sim-
ple types which cannot have element content and cannot carry attributes
[233]..

New complex types are defined using the complexType element and
such definitions typically contain a set of element declarations, element
references, and attribute declarations. The next section discusses ele-
ment declarations. The declarations are not themselves types, but rather
an association between a name and the constraints which govern the ap-
pearance of that name in documents governed by the associated schema
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[234, 235].

Any addition of attributes or child elements to simple types will result
in the specification of a complex type. If we want to specify a currency, for
example, we have to declare a complex type. Decimal is a simple type, and
the next example, obtained from W3C [233] defines a new complex type:

<xsd:element name="internationalPrice">
<xsd:complexType>
<xsd:simpleContent>
<xsd:extension base="xsd:decimal">
<xsd:attribute name="currency" type="xsd:string"/>
</xsd:extension>
</xsd:simpleContent>
</xsd:complexType>

</xsd:element>

In the example, the complexType element is used to start the defini-
tion of a new (anonymous) type. To indicate that the content model of
the new type contains only character data and no elements, we use a
simpleContent element. Finally, the new type is derived by extending
the simple decimal type. The extension consists of adding a currency at-
tribute using a standard attribute declaration. The internationalPrice
element declared in this way can appear in an instance document as fol-
lows [234, 235]:

<internationalPrice currency="EUR">423.46</internationalPrice>

Elements that contain sub-elements or which carry attributes are said to
have complex types, whereas elements that contain numbers (and strings,
and dates, etc.) but which do not contain any sub-elements are said to
have simple types. Some elements have attributes; attributes always have
simple types [234, 235].

The next section focuses on element declarations.
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XML Schema element declarations

XML Schema allows for the specification of two types of elements: com-
plex and simple (note: simple and complex elements vs. simple and com-
plex types). A simple type element contains only character data. A com-
plex type element is an element that has attributes or is a parent for child
elements [234, 235].

A simple element is declared as follows:

<element name="name" type="type" />

Or if we use a namespace prefix (in this case xsd):

<xsd:element name="name" type="xsd:type" />

A complex element contains attributes and/or other elements, for exam-
ple:

<element name="name">
<complexType>
compositor
element declarations
compositor
attribute declarations
</complexType>

</element>

In this example, name is the name of the element in the instance docu-
ment, element declarations are simple type declarations for each child
element, compositors define how the list of elements are organised (of
value either sequence, choice or all), and attribute declarations are
declarations that define the attributes of the element [199, 234, 235].

One advantage XML Schema has over DTDs is the ability to specify
mixed content elements. If an element contains both text and child el-
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ements, the mixed attribute is added to the complexType tag [61]. For
example, the following XML content:

<Description>
Author <Name>Charles Darwin</Name> wrote
<Book>0On the Origin of Species</Book>
in the 19th century.

</Description>

can be declared in XML Schema as

<element name="Description">
<complexType mixed="true">
<sequence>
<element name="Name" type="string" />
<element name="Book" type="string" />
</sequence>
</complexType>

</element>

XML Schema is very versatile and allows the content text to appear
before, between and after child elements as in the example above [61,
159].

XML Schema element occurrences

To specify the number of times an element occur, one uses the
minOccurs and maxOccurs attributes, for example [61]:

<element name="BookTitle" type="string" minOccurs="1"

max0Occurs="unbounded" />

In this example, there should be at least one BookTitle element, and
there is not an upper limit to the number of occurrences. If minOccurs is
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set to 0, the declared item is optional, if minOccurs and maxOccurs are not
specified, their value is assumed to be 1. The minOccurs and maxOccurs
attributes can also be used in compositors to specify the repeat occurrence
of entire sequences of items [235].

XML Schema attributes

In XML Schema, any element that contains an attribute, is also a com-
plex type. The syntax for an attribute is:

<attribute name="name" type="type" use="use"

default="default" fixed="fixed" />

where name is the name of the attribute, type is the data type, use states
whether the attribute is required or not (possible values are required, op-
tional and prohibited), default is the default value of the attribute and
fixed is a fixed value for the attribute [61, 235].

An attribute should be declared with the element to which it pertains. If
an element is empty, such as:

<Student No="123456" Gender="male" />

an attribute is declared using the same syntax as child elements:

<element name="Student">
<complexType>
<attribute name="No" type="string" />
<attribute name="Gender" type="string" />
</complexType>

</element>

If an element contains child elements in addition to attributes, the at-
tributes are placed after the element declarations. For example:
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<Student No="123456" Gender="male">
<Name>John Smith</Name>
<Age>18</Age>

</Student>

is specified

<element name="Student'">
<complexType>
<sequence>
<element name="Name" type="string" />
<element name="Age" type="positivelnteger" />
</sequence>
<attribute name="No" type="string" />
<sttribute name="Gender" type="string" />
</complexType>

</element>

A.4.3.4 Namespaces and XML Schemas

XML Schemas provide namespace support for the qualification of ele-
ments*.

The target namespace declared in the prolog of an XML document pro-
vides the information for the processor to check any instance document
to see whether it validates against a schema. A namespace therefore in-
dicates to the XML processor that the definitions of elements and other
data-types in the schema are adopted from the declared namespace [47].

The namespace declaration can be done as an attribute of the schema
element as shown [47, 159].

<xsd:schema xmlns:xsd="http://www.w3.org/2001/XMLSchema".../>

This code snippet declares the attribute xmlns:xsd with value

“Namespace concepts are discussed in Section A.4.1 on page 292
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"http://www.w3.org/2001/XMLSchema". Breaking the statement up into
parts:

> The xmlns name indicates that it is a namespace declaration.

> The xsd portion is the abbreviation used to relate the respective ele-
ments and data-types to the namespace.

> The "http://www.w3.org/2001/XMLSchema" portion is the unique
URI or URL identifying the namespace.

In this case the W3C Namespace Recommendation is the namespace
used by the XML processor for the definitions of elements and other data-
types. When the processor encounters any data-types with the prefix xsd:
(the prefix represents the URL) the meaning for those data-types are iden-
tical to the definition found in the W3C Recommendation [47, 234].

After the namespace has been defined, the element used in conjunc-
tion with the abbreviation, becomes a unique element. An example is
<xsd:sequence>, Where the local part of the unique name is sequence
[61].

Namespaces do not have to be declared explicitly with prefixes, as in:
<schema xmlns:xs="http://www.w3.org/2001/XMLSchema" ..../>
Without a prefix, the shown URL is presumed to be the default namespace
to which an element or attribute without a prefix in the document is
associated [61].

A.5 LAYER 3/LAYERS 3A AND 3B

RDF (Resource Descriptive Framework) and RDF Schema technologies
reside on Layer 3 (refer to Figures A.2 and A.3). With the positioning of
RDF Schema, Layer 3b, above RDF M&S (Model and Syntax), Layer 3a,
in Figure A.3, Berners-Lee [31] emphasises the importance of a vocabu-
lary description mechanism on top of the RDF data model as part of the
Semantic Web layered architecture.

AJ Gerber 315 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



APPENDIX A: SEMANTIC WEB TECHNOLOGIES

A.5.1 RDF

RDF (Resource Descriptive Framework) is a W3C Recommendation de-
signed to standardise the definition and usage of meta-data, or in the con-
text of the Semantic Web, a mechanism to capture data about web re-
sources. The W3C describes the Resource Description Framework (RDF)
as a language for representing meta-data or information about resources
on the Web [238, 239]. RDF is intended for the exchange of meta-data
about resources between applications, but without loss of meaning [86].

The purpose of RDF is to declare meta-data that is machine-
processable. RDF provides a mechanism to declare statements that de-
scribe resources by means of a basic data model [240]. A statement
describes an entity (resource) in terms of properties, which have val-
ues. Furthermore, an RDF statement is a subject, predicate, object triple
[85, 92, 238]. The subject is the resource of the statement. The predicate
is the property or characteristic of the subject specified by the statement
(examples include creator, creation-date, or language), and the value of
the property is the object [238, 239].

The W3C RDF specification was developed to provide a common frame-
work so that application developers can use common RDF parsers and
processing tools as is the case with XML using common XML parsers and
tools. According to the W3C in RDF Concepts [238, 239, 243], the design
of RDF is intended to meet the following goals:

having a simple data model,
having formal semantics and provable inference,
using an extensible URI-based vocabulary,

>

>

>

> using an XML-based syntax,

> supporting use of XML schema data-types; and
>

allowing anyone to make statements about any resource.

The next section discusses the RDF model in more detail. The reader
not interested in the detail of RDF could continue to RDF Schema, Section
A.5.2 on page 323.
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A.5.1.1 RDF model

As stated previously, RDF is specifically intended for the representation of
meta-data about Web resources. RDF describes the resources in terms
of their properties and property values. More specifically, RDF makes
statements about resources by using an subject, predicate, object triple
[85, 238].

The statement http://www.thesis.org/SWTechnologies.html has a
creator whose value is Student AJG, which is described in RDF terms
as follows:

> the subjectisthe URLhttp://www.thesis.org/SWTechnologies.html,
> the predicate is the word creator; and
> the object is the phrase Student AJG.

The RDF statement above can be depicted in a graph as shown in Fig-
ure A4.

hitp: /fwww.thesis. org/SWTechnologies. html subject

http:/fwww thesis orgfelements/creator
predicate

hitp: /fwww thesis. org/person/Student_AJG

object

Figure A.4: An RDF graph for a basic statement:
http://www.thesis.org/SWTechnologies.html has a

creator whose value is Student AJG

An RDF statement or subject-predicate-object-triple, (sometimes also
called an object-attribute-value-triple) can also be indicated as A(O,V),
which means that an object O has an attribute A with value V. This re-
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lationship can also be modelled in a graph as a labelled edge A between
two nodes, O and V: [O]—A — [V] as shown by the arrow in the graph in
Figure A.4 [62, 238]. The underlying datamodel of RDF can be labelled a
hypergraph, with each statement being a predicate-labelled link between
object and subject. The graph is a hypergraph since each node can itself
again contain an entire graph [54].

RDF uses URI®, or more specifically URIrefs (URI References) as
its mechanism for identifying the subjects, predicates, and objects in
statements. A URIref is a URI with an optional fragment identifier
at the end. To clarify, the URI reference http://www.thesis.org/
SWTechnologies.html#section2 consists of the URIhttp://www.thesis.
org/SWTechnologies.html and the fragment identifier section2. RDF
URlrefs are specified using Unicode® characters. In general, RDF defines a
resource as anything that is identifiable by a URI reference. RDF can there-
fore be used to represent information about anything that can be identified
on the Web, even when it cannot be directly retrieved on the Web.

The RDF graph in Figure A.5 was obtained from the RDF Primer of the
W3C [238] and it is used to further illustrate how RDF describes meta-data.
This figure represents the group of statements there is a Person identified
by http: //www. w3. org/People/EM/ contact\ #me, whose name is Eric
Miller, whose email address is em@w3. org, and whose title is Dr.

In figure A.5, URIrefs are used to identify:

> individuals, e.g., Eric Miller, identified by http://www.w3.org/
People/EM/contact#me,

> kinds of things, e.g., Person, identified by http://www.w3.org/2000/
10/swap/pim/contact#Person,

> properties of those things, e.g., mailbox, identified by http://www.
w3.0rg/2000/10/swap/pim/contact#mailbox; and

> values of those properties, e.9. mailto:em@u3.org as the value of
the mailbox property (RDF also uses character strings such as "Eric
Miller”, and values from other data-types such as integers and dates,

5See Section A.3.2 on page 290 for a discussion of URlIs.
6See Section A.3.1 on page 288 for a discussion of Unicode
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hittp:ifaewew. w3 . org/2000M1 Ofswap/pimicontact#Person

Mw.w&a@h 99%02/22-rdf-syntax-neitype

httpfhwww. w3 org/People/EMicontactime

s w2 org/2000/10swap/pimicontact#fullName

Eric Miller

hittp:fiwwow w3, org/200001 Ofswapdpimfcontact#mailbox

mailto:em@w3.org

hittp M. w 3. orgf2000010/swapipim/fcontact#personal Title

Dr.

Figure A.5: An RDF graph describing Eric Miller [237]

as the values of properties).

The purpose of RDF is to declare meta-data that is machine-
processable and RDF therefore uses XML as syntax. RDF defines a spe-
cific XML markup language, RDF/XML, to represent RDF information. The
graph in Figure A.5 is represented in RDF/XML [22] as follows:

<?7xml version="1.0"7>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmlns:contact="http://www.w3.0rg/2000/10/swap/pim/contact#">
<contact:Person rdf:about="http://www.w3.org/People/EM/contact#me">
<contact:fullName>Eric Miller</contact:fullName>
<contact:mailbox rdf:resource="mailto:em@u3.org"/>
<contact:personalTitle>Dr.</contact:personalTitle>
</contact:Person>

</rdf :RDF>

RDF allows objects and values to be interchanged. This means that
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labelled edges in a graph can be chained. It is also possible to make an
RDF statement or triple the object of another statement, allowing for the
nesting of RDF statements [54, 85].

A.5.1.2 Blank RDF nodes

An RDF graph can also be used for expressions that are not necessarily
triples. The representation of such a structure requires the use of a blank
node. In the following example (obtained from the W3C RDF Primer [237]),
RDF is used for the representation of John Smith’s address. John’s ad-
dress needed to be recorded as a structure consisting of separate street,
city, state, and postal code values.

http:ffwww.example.org/staffid/85740

hitp fwww.example.orgfterms/address

hltp:f.n‘v.-.rwur.-.example.orga'termsmi.l/ Nﬂp:m«m_example.org.n'termsipostalCnde

Bedford 01730
hitp:fwww.example orgfterms/street http:ieww example orgiterms/state
1501 Grant Avenue Massachusetts

Figure A.6: An RDF graph with a blank node [237]

Figure A.6 is a valid RDF graph and uses a node without a URlIref to
stand for the concept of "John Smith’s address”. The node provides the
necessary connectivity between the various other parts of the graph. How-
ever, some form of explicit identifier for that node is needed in order to
represent this graph as triples.

One possibility of representation of the triples corresponding to Figure
A.6 is:
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exstaff:85740 exterms:address _:johnaddress .
_:johnaddress exterms:street "1501 Grant Avenue" .
_:johnaddress exterms:city "Bedford" .
_:johnaddress exterms:state "Massachusetts" .
_:johnaddress exterms:postalCode "01730" .

where _jjohnaddress (a blank node identifier) refers to the presence of
the blank node.

There is often a need for statements about collections of resources. For
this purpose RDF defines the concept of a container [238, 243]. RDF de-
fines three types of containers that can represent collections of resources
or literals:

> Bags are unordered lists. Bags do not enforce set semantics, so a
value may appear several times in a Bag,

> Sequences are ordered lists. Like Bags, Sequences permit duplicate
values; and

> Alternatives are lists from which the property can use only one value.

The previous sections gave a rudimentary description of the RDF model
and some of the basic ways in which the model represents meta-data.
More detailed information can be obtained from the W3C RDF documen-
tation set [237, 239-243].

A.5.1.3 RDF vocabularies

RDF is used to define vocabularies. The term vocabulary is used to refer
to a RDF graph depicting a set of meta-data or data definitions. A RDF
vocabulary is therefore a set of URIrefs and its relationships defined for
some specific purpose, such as a shared domain definition for participants
of a domain, or even the set of URIrefs defined by RDF for its own use, for
instance in RDF Schema [237, 239, 241]

RDF provides a way to make statements that RDF applications can pro-
cess although the specific application does necessarily "understand” the
statements contained in the definition. An example might assist in explain-
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ing the concepts. A user could search the Web for a review of all the scuba
diving sites in South Africa. This user could then create an average rating
for each diving site and publish the information on the Web. Another Web
site could take the list of diving sites and create a "Top Ten Tourist Ad-
venture Sites” page. Because a shared vocabulary exists, different users
might built a commonly understood and increasingly powerful (as additional
contributions are made) information base about topics on the Web.

One of the most quoted examples of a RDF vocabulary is at the DCMI
(Dublin Core Meta-data Initiative) [82]. The DCMI is an organisation ded-
icated to promoting the widespread adoption of interoperable meta-data
standards and developing specialised meta-data vocabularies for describ-
ing resources that enable more intelligent information discovery systems.
The mission of DCMI is to make it easier to find resources using the Inter-
net through the following activities:

> developing meta-data standards for discovery across domains,

> defining frameworks for the interoperation of meta-data sets; and

> facilitating the development of community- or disciplinary-specific
meta-data sets that are consistent with items 1 and 2.

In addition to the DMCI, the RDF Resources page compiled by Beck-
ett [21] contains a list of several RDF applications and projects which is
updated regularly.

Section A.5.2 discusses RDF Schema which is an example of a RDF
vocabulary.

A.5.1.4 The application of RDF, XML and XML Schema on the Seman-
tic Web

RDF is preferred above XML for the description of meta-data on the Se-
mantic Web because RDF specifies a data model and the information spec-
ified by RDF can be mapped directly and unambiguously to the model [84].
This model is part of an external specification and several generic, third-
party parsers are already available to interpret such an RDF document
[238]. An RDF model separates semantic and syntactic information. Be-
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cause the RDF model is a W3C standard, all users that adopt RDF will be
able to make this distinction [184].

XML Schema is not necessarily used in conjunction with RDF since
XML Schema is a language for restricting the syntax of XML applications
[86]. However, XML Schema might be useful to specify certain data-types
or similar restrictions on the syntax. XML Schema is therefore not used
to control the syntax of RDF, rather the syntax as contained in an XML
document [184].

A.5.2 RDF Schema

RDF Schema specifies extensions to RDF that are used to define com-
mon vocabularies in RDF meta-data statements. RDF itself provides the
data model and does not prescribe any application-specific classes and
properties, this is accomplished by RDF Schema. RDF Schema specifies
extensions to RDF, which are provided by the RDF Vocabulary Description
Language 1.0: RDF Schema [241]. RDF Schema provides a predefined,
basic type system for RDF models, thus extending RDF by assigning an
externally specified semantics to specific resources. RDF Schema expres-
sions are valid RDF expressions, and therefore RDF Schema is a semantic
extension of RDF [53, 119]. Software that can interpret RDF can also be
used to interpret an RDF Schema implementation although it will not attach
the intended meaning to the built-in schema definitions [85].

The RDF vocabulary description strategy contained in RDF Schema
acknowledges that there are many techniques that enable description of
meaning of classes and properties. To extend the description of meaning,
ontology languages (such as DAML+OIL, OIL and OWL), inference rule
languages and other formalisms are used [85].

In the definition of a particular vocabulary for RDF data, RDF Schema
assists in a similar way to the function of XML schema that provides a
vocabulary-definition facility for XML. RDF schema provides a predefined,
basic type system for RDF models [84]. RDF Schema extends RDF by
giving an externally specified semantics to specific resources. e.g., to

AJ Gerber 323 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



APPENDIX A: SEMANTIC WEB TECHNOLOGIES

rdfs:subclass0f or to rdfs:Class. It is because of this external seman-
tics that RDF Schema is useful [54].

RDF Schema does not specify a vocabulary of application-specific
classes, but it describes the mechanisms necessary to specify such a vo-
cabulary [238]. It provides the facilities required to describe application
specific classes and their associated properties. For example, the prop-
erty ex:breedType should be used in describing an ex:Dog. RDF Schema
can therefore also be described as providing a typing mechanism for RDF,
similar to the type systems of object-oriented programming languages. An
example (obtained from [241]), states that a class ex:Dog might be defined
as a sub-class of ex:Mammal which is a sub-class of ex:Animal, mean-
ing that any resource which is in class ex:Dog is also implicitly in class
ex:Animal as well [52, 231].

As mentioned, RDF Schema facilities are themselves specified in the
form of an RDF vocabulary; that is, as a specialised set of predefined
RDF resources. Usually, resources in the RDF Schema vocabulary
have URIrefs with the prefix http://www.w3.0rg/2000/01/rdf-schema# Or
rdfs:. Any vocabulary that is defined using RDF Schema is also a legal
RDF graph and any software that can interpret RDF can therefore also be
used to interpret an RDF Schema implementation although it will not attach
the intended meaning to the built-in Schema definitions. For this an RDF
application must be written to process an extended language that includes
not only the rdf : vocabulary, but also the rdfs: vocabulary with the built-in
meanings [53, 241].

A.5.2.1 Summary of RDF Schema constructs

In order to illustrate the nature of RDF Schema as well as the way in which
RDF is utilised, an RDF Schema summary obtained from the W3C Re-
source Description Framework (RDF) Model and Syntax Specification [241]
is presented in Tables A.3 and A.4. These tables presents an overview of
the vocabulary of RDF, formed from the original vocabulary defined in the
RDF Model and Syntax Specification [231] as well as the classes and prop-
erties that originated with RDF Schema [241].
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Class Name

Comment

rdfs:Resource

The class resource, everything.

rdfs:Literal The class of literal values, e.g. textual strings and
integers.

rdf:XMLLiteral The class of XML literals values.

rdfs:Class The class of classes.

rdf:Property

The class of RDF properties.

rdfs:Datatype

The class of RDF datatypes.

rdf:Statement

The class of RDF statements.

rdf:Bag The class of unordered containers.
rdf:Seq The class of ordered containers.
rdf:Alt The class of containers of alternatives.

rdfs:Container

The class of RDF containers.

rdfs:ContainerMembershipProperty

The class of container membership properties.

rdf:List

The class of RDF Lists.

Table A.3: RDF Classes

Property name Comment Domain Range

rdf:type The subject is an instance of a | rdfs:Resource| rdfs:Class
class.

rdfs:subClassOf | The subjectis a subclass of a class. | rdfs:Class rdfs:Class

rdfs:subPropertyOf The subject is a subproperty of a | rdf:Property | rdf:Property
property.

rdfs:domain A domain of the subject property. rdf:Property | rdfs:Class

rdfs:range A range of the subject property. rdf:Property rdfs:Class

rdfs:label A human-readable name for the | rdfs:Resource| rdfs:Literal
subject.

rdfs:comment A description of the subject re- | rdfs:Resource| rdfs:Literal

source.

rdfs:member

A member of the subject resource.

rdfs:Resource

rdfs:Resource

rdf:first The first item in the subject RDF list. | rdf:List rdfs:Resource
rdf:rest The rest of the subject RDF list after | rdf:List rdf:List
the first item.
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ject resource.

rdfs:seeAlso Further information about the sub- | rdfs:Resource| rdfs:Resource

source.

rdfs:isDefinedBy | The definition of the subject re- | rdfs:Resource| rdfs:Resource

tured values.

rdf:value Idiomatic property used for struc- | rdfs:Resource| rdfs:Resource

rdf:subject The subject of the subject RDF | rdf:Statement| rdfs:Resource
statement.

rdf:predicate The predicate of the subject RDF | rdf:Statement | rdfs:Resource
statement.

rdf:object The object of the subject RDF state- | rdf:Statement | rdfs:Resource
ment.

Table A.4: RDF Properties

RDF is used to represent information in the Web using a simple data
model using an subject, predicate, object triple. RDF Schema is a semantic
extension of RDF [239], which signifies that RDF Schema expressions are
valid RDF expressions in the form of the subject-predicate-object triple. In
RDF Schema, there is an agreement on the semantics of certain terms and
thus on the interpretation of certain statements [53].

A benefit of this approach is that the description of existing resources
could be extended [239]. The RDF vocabulary description strategy also
acknowledges that there are many techniques through which the mean-
ing of classes and properties can be described. This is where ontology
languages such as DAML+OIL’ and OWL8, inference rule languages and
other formalisms (for example temporal logics) will be used to extend the
specification of meaning.

"See Section A.6.1.2 on page 329 for a discussion of DAML+OIL.
8See Section A.6.1.1 on page 329 for a discussion of OWL.
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A.6 LAYER 4 /LAYERS 4A AND 4B

In V1 (Figure A.2) Ontology vocabulary is depicted on Layer 4, whilst this
layer is separated as Ontology, Layer 4a, and Rules, Layer 4b, in V2 (Fig-
ure A.3). In Figure A.3, Berners-Lee [31] acknowledges that an ontology
is a knowledge representation language capturing the syntax (ontology) as
well as semantics (rules) of a specific domain [157, 158]. OWL is the W3C
technology representing an Ontology vocabulary or Ontology associated
with this layer, whilst W3C research efforts aim to establish the technolo-
gies required for the implementation of the Rules to be contained in this
layer [130].

It should be noted that the terminology on this layer differs from that
pertaining to the three preceding layers, because functionality rather than
technology is mentioned.

A.6.1 Ontology vocabulary / Ontology

An ontology specifies a machine-readable vocabulary in computer systems
technology descriptions. Generally it is defined as a shared, formal, explicit
specification or conceptualisation of a particular domain [54, 84, 121]. An
ontology typically describes a hierarchy of resource concepts within a do-
main and associates each concept’s crucial properties with it. Ontologies
are used to define and manage concepts, attributes and relationships be-
tween concepts in a precise manner [58].

The concept of an ontology was inherited from philosophy and has only
recently become commonplace in computer systems technology descrip-
tions where an ontology specifies a machine readable vocabulary. Ontolo-
gies on the Semantic Web and expert systems or Al (artificial intelligence)
technologies of the 1980s are based on the same motivations but they
emerged from different architectures which implies that the technologies
are deployed or applied differently [184].

Ontologies assist in creating a common understanding for communica-
tion between people and computer applications. The Web Ontology Work-
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ing Group at the W3C identified six main areas for Ontology use within the
OWL Use Cases and Requirements document [120], namely:

> Web Portals
— Categorisation rules used to enhance search
Multimedia Collections

v

— Content-based searches for non-text media

Corporate Web Site Management
— Automated Taxonomical Organisation of data and documents
— Mapping Between Corporate Sectors (mergers!)

v

v

Design Documentation
— Explication of "derived” assemblies (e.g. the wing span of an
aircraft)
— Explicit Management of Constraints

v

Intelligent Agents
— Expressing User Preferences and/or Interests
— Content Mapping between Web sites

v

Web Services and Ubiquitous Computing
— Web Service Discovery and Composition
— Rights Management and Access Control

From the above, it is possible to deduce that ontologies will be used in
applications that search across or merge information from diverse commu-
nities. XML, DTDs and XML Schemas are sufficient for exchanging data
between parties who have agreed to common definitions beforehand, but
the lack of semantics prevent this when new XML vocabularies emerge.
RDF and RDF Schema specify simple semantics associated with iden-
tifiers. With RDF Schema, one could define classes with multiple sub-
classes and super classes, as well as properties with sub-properties, do-
mains, and ranges. Therefore, RDF Schema is regarded as a simple
ontology language. However, RDF Schema is limited, for instance, RDF
Schema cannot specify that Person and Car classes are disjoint, or that a
string quartet has exactly four musicians as members. In order to achieve
interoperation between numerous, autonomously developed and managed
schemas, richer semantics are required [19, 133, 228].
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It is foreseen that ontologies will play a crucial role in enabling Web-
based knowledge processing, sharing, and reuse between applications in
the future, and therefore the establishment of Semantic Web. The W3C
developed OWL as a Web Ontology language which satisfies most of the
current foreseen requirements of an ontology specification for the Semantic
Web [120, 122].

A.6.1.1 OWL

The acronym OWL was derived from Web Ontology Language. The W3C
Working Group decided against the direct acronym WOL and decided on
OWL instead. OWL as a Web Ontology Language means that the lan-
guage was designed to be compatible with the architecture of the Web,
specifically the Semantic Web [158]. The next section provides some in-
sight into the development of OWL and the relationship between known
Ontology language efforts such as OIL and DAML+OIL.

A.6.1.2 OWL, OIL and DAML+OIL

Research to represent ontologies with languages dates back to the work
on frame-languages in the early days of Al. With the emergence of the
Web, efforts of designing ontology-representation languages that are Web
enabled started [100]. Several initiatives were created around this research
topic. On-to-Knowledge [182] is an European IST project that focused on
the development of Semantic Web technology, specifically the development
of ontology-based tool environments for knowledge management. These
tools have to deal with large numbers of heterogeneous, distributed, and
semi-structured documents typically found in large company intrados and
the Web. The project aimed to develop:

> a toolset for semantic information processing and user access,
> OIL, an ontology-based inference layer on top of the Web; and
> an associated methodology and validation by industrial case studies.

OIL (Ontology Inference Layer) as well as several tools and architec-
tures providing a Web-based representation and inference layer for ontolo-
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gies were results of this work. A complete RDF Schema implementation
for OIL was developed [54, 100, 101, 182].

OIL stands in a similar relationship to RDF Schema than RDF Schema
to RDF in that it defines semantics to extend RDF Schema. It is possible
to capture meaning in OIL that cannot be captured in RDF Schema, but
this extension is done in such a way that the RDF Schema document is still
valid [54, 84].

OIL adopted the essential modelling primitives of frame-based systems
into its language, basing its formal semantics on DL (Description Logics).
DL models knowledge in terms of concepts, role restrictions and derived
classification taxonomies, and provide a principled method to reason with
the presented knowledge. In addition, OIL was developed with support for
the XML and RDF syntaxes. OIL has a well-defined syntax in XML based
on a DTD and a XML schema definition, and is also defined as an extension
of RDF.

Concurrently with the On-to-Knowledge initiative, DARPA (the Defense
Advanced Research Projects Agency), developed DAML (the DARPA
Agent Markup Language) by extending RDF with more expressive con-
structs aimed at facilitating agent interaction on the Web. Because of
similar work these organisations decided to co-operate [79]. DAML was
a significantly funded project for the development of Semantic Web tech-
nology. As a result of this co-operative research, a new language called
DAML+OIL was defined. To continue work in this area, the Joint EU/US ad
hoc Agent Markup Language Committee was formed and some of the OIL
standards were adjusted to conform with an international standard backed
up by the US defence department [79]. Fensel [100] describes DAML+OIL
as an expressive description logic supported with Web syntax. It does
not provide layered sub-languages with different complexity nor language
primitives that are defined around a modelling paradigm.

Because of its inheritance from DAML and OIL, DAML+OIL builds on
existing Web technologies such as XML, URI and RDF. DAML+OIL markup
is a specific kind of RDF markup. RDF, in turn, can be serialised to XML
with its associated Namespaces and URIs [157, 229].
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It was inevitable that the W3C, because of its mandate, set up a Seman-
tic Web Activity initiative. The Activity was initiated early 2001 with a Web-
Ontology (WebOnt) Working Group tasked to investigate all the efforts and
consolidated them into a Web Ontology Language [158, 236]. OWL is the
result of the activities of this group and the OWL Recommendation con-
sisting of six documents was issuedby the W3C in February 2004 [244].
Some of the results of this work are discussed in the next section, Section
A.6.1.3.

A.6.1.3 OWL specification

OWL includes concepts and design aspects of DAML+OIL. OWL extends
RDF Schema in order to express complex relationships between different
classes specified in RDF Schema. In addition OWL enhances the specifi-
cation of constraints applicable to classes and properties [120, 158].

The W3C OWL document set consists of six documents aimed at differ-
ent audiences or users, namely (1) a presentation of the OWL use cases
and requirements [120], (2) an overview document which briefly explains
the features of OWL [158], (3) a comprehensive OWL guide that provides
a walk-through of the features of OWL [215], (4) a reference document that
provides the details of every OWL feature [20], (5) a test case document
[63], as well as (6) a document presenting the semantics of OWL and de-
tails of the mapping from OWL to RDF [192].

Within this document set, OWL Specifies three sub-languages. These
languages were specified to be increasingly expressive and ontology de-
signers should choose the most appropriate version:

> OWL Lite supports those users primarily needing a classification hier-
archy and simple constraints. For example, while it supports cardinal-
ity 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 OWL Lite provides a quick migration path for thesauri
and other taxonomies. Owl Lite also has a lower formal complexity
than OWL DL, see the section on OWL Lite in the OWL Reference for
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further details.

> OWL DL supports those users who want the maximum expressive-
ness while retaining computational completeness (all conclusions are
guaranteed to be computable) and decidability (all computations will
finish in finite time). OWL DL includes all OWL language constructs,
but they can be used only under certain restrictions (for example,
while a class may be a sub-class of many classes, a class cannot
be an instance of another class). OWL DL is so named due to its
correspondence with description logics, a field of research that has
studied the logics that form the formal foundation of OWL.

> OWL Full is meant for users who want maximum expressiveness and
the syntactic freedom of RDF with no computational guarantees. For
example, in OWL Full a class can be treated simultaneously as a
collection of individuals and as an individual in its own right. 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 complete reasoning for every feature of OWL
Full. Complete OWL Full implementations do not exist with the writing
of this document.

Each of these sub-languages is an extension of its simpler predecessor,
both in what can be legally expressed and in what can be validly concluded.
The following set of relations hold. Their inverses do not [158, 215].

> Every legal OWL Lite ontology is a legal OWL DL ontology.
> Every legal OWL DL ontology is a legal OWL Full ontology.
> Every valid OWL Lite conclusion is a valid OWL DL conclusion.
> Every valid OWL DL conclusion is a valid OWL Full conclusion.

A.6.1.4 Structure of an OWL ontology

A typical OWL ontology begins with a namespace declaration. Names-
paces® provide a means to unambiguously interpret identifiers and make
the rest of the ontology presentation more readable indicating precisely

Section A.4.1 on page 292 discusses Namespaces.
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what vocabularies are being used. Therefore a standard initial component
of an ontology includes a set of XML Namespace declarations enclosed in
an opening rdf :RDF tag [20, 120, 158].

Once namespaces are established, a collection of assertions about
the ontology grouped under an owl:0ntology tag are normally included.
These tags support for instance a name or reference for the ontology, com-
ments, version control and might also specify the inclusion of other on-
tologies [20]. At this stage in the ontology document it is appropriate to
specify the basic elements of the ontology. Elements of an OWL ontology
consists of classes, properties, instances of classes, and relationships be-
tween these instances. OWL provides the language components essential
to define these elements [20, 120, 158].

OWL support the definition of simple named classes with the Class and
rdfs:subClass0f constructs. An ontology needs to specify the basic con-
cepts in the domain. These concepts should correspond to classes that
are the roots of various taxonomic trees. Every class is a member of the
class owl:Thing. Thus each user-defined class is implicitly a sub-class of
owl:Thing. Domain specific root classes are defined by declaring a named
class. In addition, OWL also defines the empty class, owl:Nothing.

A class definition has two parts: a name introduction or reference and
a list of restrictions. Each of the immediate contained expressions in the
class definition further restricts the instances of the defined class [20, 120,
158, 215].

In addition to classes OWL allows for the description of members of
classes. These can be described as individuals in the universe of things
described by the ontology. An individual is minimally introduced by declar-
ing it to be a member of a class. It is important to note the difference
between a class and an individual in OWL. A class is simply a name and
collection of properties that describe a set of individuals. Individuals are
the members of those sets. Thus classes should correspond to naturally
occurring sets of things in a domain of discourse, and individuals should
correspond to actual entities that can be grouped into these classes [215].

OWL properties are used to assert general facts about the members of
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classes and specific facts about individuals. A property is a binary relation.
Two types of properties are distinguished [215]:

> data-type properties that are used to describe relations between in-
stances of classes and RDF literals and XML Schema data-types,

> object properties that are used to describe relations between in-
stances of two classes. Note that the name object property is not
intended to reflect a connection with the RDF term rdf :object.

OWL includes a number of mechanisms that are used to further specify
properties. It is possible to specify property characteristics which provides
a powerful mechanism for enhanced reasoning about a property. In ad-
dition to designating property characteristics, it is possible to further con-
strain the range of a property in specific contexts in a variety of ways. This
is done with property restrictions. For the detail of OWL, a reader is referred
to the W3C OWL documentation set [20, 63, 120, 158, 192, 215].

At present a number of OWL ontologies are available on the Web, in-
cluding an ontology library at DAML [79], which contains about more than
300 examples written in OWL or DAML+OIL. In addition, several ontologies
described as /large ontologies have been released in OWL. These include
a cancer ontology in OWL developed by the US NCI's (National Cancer
Institute) Center for Bio-informatics, which contains about 17,000 cancer
related terms and their definitions [175]. The NCI Thesaurus is a public do-
main description logic-based terminology produced by the National Cancer
Institute. It is deep and complex compared to most broad clinical vocabu-
laries, implementing rich semantic interrelationships between the nodes of
its taxonomies. The semantic relationships in the Thesaurus are intended
to facilitate translational research and to support the Bio-Informatics infras-
tructure of the Institute.

To realise the vision of the Semantic Web, the ontologies of the Seman-
tic Web need to be widely shared and re-used. An example of such re-use
as portrayed from Smith et al. [215] states that a user might adopt a date
ontology from one source and a physical location ontology from another
and then extend the notion of location to include the time period during
which it holds. Much of the effort of developing an ontology is devoted to
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hooking together classes and properties in ways that maximise implica-
tions. Simple assertions about class membership should have broad and
useful implications. This is a difficult part of ontology development. If an
existing ontology that has already undergone extensive use and refinement
can be found, it makes sense to adopt it [158, 215].

A.6.1.5 Description Logics

Any discussion of ontologies or OWL would be incomplete without a section
on DL (Description Logics). DL is the logical foundation of all three the OWL
sub-languages [215].

To discuss the relationship between OWL and DL, it is necessary to
investigate knowledge representation languages. A knowledge represen-
tation language is specified when both the syntax and the semantics of the
language is described [157]. In the syntax definition the legal statements
in the language are defined, and the semantic description specifies each
legal statement’s intended meaning. The semantics can be formally spec-
ified in multiple ways within a logical framework such as with FOL (First
Order Logic) or the various Description Logics [11, 84].

The OWL language provides a specific sub-set in the form of OWL DL
to provide a language sub-set that has the computational properties nec-
essary for reasoning systems [20, 158, 215]. DL offers a formal foundation
for frame-based systems where meaning is provided by interpretations that
define the formal semantics of the logic [113] as well as support for some
automated reasoning (e.g. class consistency checking) [54, 157].

Where the central modelling primitives of predicate logic are predicates,
in frame-based and object-oriented approaches the central modelling prim-
itives are classes (or frames) with certain properties, also referred to as
attributes, that do not have a global scope. Description Logics describe
knowledge in terms of concepts and role restrictions that are used to auto-
matically derive classification taxonomies. In spite of some of the discour-
aging theoretical complexity of results with regard to expressing structured
knowledge and accessing and reasoning with it in a principled way, there
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are now efficient implementations for DL languages [100].

OWL incorporates the essential modelling primitives of frame-based
systems, and therefore the formal semantics of Description Logics.

Grau [113] summaries Description Logics as follow:

Description logics (DL) are a set of knowledge representation
formalisms, whose semantic characterisation is based on stan-
dard first-order logics. Meaning is provided by interpretations,
which define the formal semantics of the logic. An interpretation
in DL is a mathematical structure I = {A', .1} consisting of:

e A nonempty set A, called the domain of the interpretation.
The domain is divided into two disjoint sets:

— The abstract domain is the set of all the individuals,
— The concrete domain is composed of data values and
is used to integrate data-types in description logics.

e An interpretation function . that maps:

— Every concept (class) name to a sub-set of A,

— Every role (property) name to a sub-set of A x Al;
and

— Every individual to an element of A”.

The interpretation function can be extended to complex con-
cepts and roles and can be used to provide meaning to axioms
in the knowledge base.

As the purpose of this section is to provide an overview of the Seman-
tic Web technologies, the reader is referred to one of the most substantial
books on the subject, The Description Logic Handbook, Theory, implemen-
tations and application by Baader et al. [11] for an in depth discussion of
DL.
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A.6.2 Rules

Rules is not depicted in V1 (Figure A.2). In contrast, Layer 4 is separated
as Ontology (Layer 4a) and Rules (Layer 4b) in V2 (Figure A.3). With the
issue of the OWL Recommendation by the W3C in 2004, Rules was stated
as a requirement, and it is plausible to speculate that this is the reason for
its inclusion into V2. Rules are defined as executable pieces of declarative
knowledge, important in managing complex and dynamic operations [127].

A.6.2.1 SWRL

At present there is a W3C proposal for a Semantic Web Rule Language
(SWRL) based on a combination of the OWL DL and OWL Lite sub-
languages of the OWL Web Ontology Language with the Unary/Binary
Datalog RuleML sub-languages of the Rule Markup Language [132]. The
proposal extends the set of OWL axioms to include Horn-like rules. It thus
enables Horn-like rules to be combined with an OWL knowledge base. A
high-level abstract syntax is provided that extends the OWL abstract syntax
described in the OWL Semantics and Abstract Syntax document [192]. An
extension of the OWL model-theoretic semantics is also given to provide a
formal meaning for OWL ontologies including rules written in this abstract
syntax [132, 254].

The proposed rules are of the form of an implication between an an-
tecedent (body) and consequent (head). The intended meaning can be
read as: whenever the conditions specified in the antecedent hold, then the
conditions specified in the consequent must also hold [132]. An OWL on-
tology in the abstract syntax contains a sequence of axioms and facts. Ax-
ioms may be of various kinds, e.g., subClass axioms and equivalentClass
axioms. It is proposed to extend this with rule axioms: axiom ::= rule

At present SWRL is a W3C member submission. The W3C Team evalu-
ates this submission in the context of W3C activities and the work is there-
fore in process [132, 254].

A W3C Workshop on Rule Languages for Interoperability was held dur-
ing April 2005 to gather data and explore options for establishing a stan-
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dard web-based language for expressing rules. More than a dozen use
cases were presented for rule language standardisation, and about a half-
dozen candidate technologies were presented and discussed. The work-
shop gave many indications that a W3C Recommendation here would be
useful. As a result of the workshop discussions, the Semantic Web Activ-
ity group of the W3C established a RIF (Rule Interchange Format) Working
Group at the end of 2005 to assist with the establishment of a core rule lan-
guage plus extensions which together allow rules to be translated between
rule languages and thus transferred between rule systems [254].

A.7 LAYERS5

The Semantic Web architectures in Figures A.2 and A.3 depicts Logic or
Logic framework residing above the ontology layer.

A.7.1 Logic/Logic framework

Logic is regarded as the foundation of knowledge representation lan-
guages, and it is required to provide the highly expressive language con-
structs in which knowledge can be captured in a transparent way. A logic
framework provides a well-established formal semantics which assigns un-
ambiguous meaning to logical statements. Without a logic framework, in-
ferencing on the Semantic Web will not be possible.

McGuinness et al. [157] defines a knowledge representation language
as a language that specifies both the syntax and the semantics of the lan-
guage. In the syntax definition the legal statements in the language are
defined, and the semantic description specifies each legal statement’s in-
tended meaning. The semantics can be formally specified in multiple ways
with a logical framework such as FOL (First Order Logic) or the various
Description Logics [11, 84]. The V1 and V2 Semantic Web architec-
tures in Figures A.2 and A.3 depict Logic or Logic framework residing
above the ontology layer even through logic is an aspect included in the
OWL Ontology Language through DL formalisms [191]. Therefore, the po-
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sitioning of this layer represents the notion that a richer logical language
should be provided on top of the Ontology language, which provides addi-
tional mechanisms for the capturing of reasoning formalisms. Proposals for
web logic languages may therefore employ a special semantics, such as
minimal model semantics, to make inference more amenable to computer
implementation. The technologies that might implement Logic or Logic
Framework are at present largely research efforts by institutions such as
the W3C.

A.8 LAYERG6

In the V1 and V2 Semantic Web architectures of Berners-Lee (Figures A.2
and A.3), Proof resides on Layer 6.

A.8.1 Proof

Proof as concept exists within the theorem proving domain, for instance
as applied in artificial intelligence [197]. To support Semantic Web proof
scenarios, proof languages were developed. A proof language determines
the validity of a specific statement. An instance thereof generally consists
of a list of inference items used to derive the information in question, as
well as the associate d trust information of each item [7, 184].

A Semantic Web will probably not require proof generation and in gen-
eral proof validation will be adequate. The search for and generation of a
proof for an arbitrary question, is typically an intractable process for many
real world problems, and the Semantic Web does not require this to be
solved [191]. For perceived Semantic Web applications construction of
a proof is performed according to constrained rules, and only the valida-
tion thereof is required from other parties. For example, when a user is
granted access to a web site, an accompanying document explains to the
web server why the user in question should be granted access. Such proof
for example, could be a chain of assertions and reasoning rules with point-
ers to all supporting material [27]
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Even though the trust and proof aspects have not really been explored
and is considered beyond current research [191], it is a crucial aspect of
the Semantic Web. To illustrate the concept with a use case, an example
of Palmer [184] is adopted:

If one person says that x is blue, and another says that x is not
blue, doesn’t the whole Semantic Web fall apart? Of course
not, because

a) applications on the Semantic Web at the moment generally
depend upon context; and

b) because applications in the future will generally contain
proof checking mechanisms, and digital signatures.

To support scenarios such as the one above, the notion of proof lan-
guages has to be developed. A proof language is simply a language that
is used to prove whether or not a specific statement is true. An instance
of a proof language will generally consist of a list of inference items used
to derive the information in question, and the trust information for each of
those items that can then be checked [184].

A9 LAYER7

Trust resides on Layer 7 in Figures A.2 and A.3.

A.9.1 Trust

Semantic Web interaction requires different collaborators to communicate,
implying that they have to determine how to trust one another, as well as
how to establish the trust levels of acquired information [223]. The trust lev-
els of information depend on (1) the source of the information, (2) whether
the source can be trusted, as well as (3) whether the source is who it claims
to be, in other words, the authenticity and trustworthiness of the source.
When dealing with user interactions on the Web, McKnight, Choudhury
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and Kacmar [160] define the term trust as the belief that another entity is
benevolent, competent, honest, or predictable in a given situation. Trust
also includes the participants’ willingness to depend on one another in a
specific interaction.

Within the Semantic Web the concepts trust and proof are dependent
on the interaction context. However, an all-encompassing definition of con-
text is problematic [41]. An appropriate meaning of context is therefore
explicated by means of the following example:

A user on the Semantic Web receives data from a friend re-
garding the best music performances. The data can be frusted
as it originates from a known (implying verified) friend, whose
musical interests are familiar. It is thus possible to use the data
because the user either shares or disagrees with the musical
tastes of the friend.

Within the domain of the Semantic Web, context therefore assists applica-
tions or users regarding the trustworthiness and usefulness of information
[41]. Context will enable applications or users to decide whether or not re-
ceived data can be trusted and therefore how to handle information [222].

Trust levels of information might include user groups and shared con-
text. If a group or organisation develop a Semantic Web application, then
any user’s trust of that application, amongst other things, depends upon
how much the entire group can be trusted. The information context would
therefore create an conceptual environment where the Semantic Web op-
erate and interact intuitively, without having to rely on complex authentica-
tion and checking [184].

A.10 VERTICAL LAYERS

In versions V1 and V2 of the Semantic Web layered architecture of
Berners-Lee Digital Signature is associated with layers three to six (see
Figures A.2 and A.3).

AJ Gerber 341 Towards a comprehensive and functional
651-592-4 layered architecture for the Semantic Web.



APPENDIX A: SEMANTIC WEB TECHNOLOGIES

A.10.1 Digital signatures

The DSS (Digital Signature Standard) is a cryptographic standard or a par-
ticular application of public key cryptography promulgated by NIST (Na-
tional Institute of Standards and Technology) [64]. A digital signature is an
electronic signature that can be used to authenticate identity. Digital signa-
tures are easily transportable, cannot be imitated, and can be automatically
time-stamped. A digital signature can be used with any kind of message,
whether it is encrypted or not [27, 42].

XMLDSig (XML Digital Signatures), also called XML Signatures, is a
joint IETF/W3C standard that specifies how to digitally sign and verify a
signature of a XML data object [17]. XMLDSig enables digital signatures
on arbitrary digital content (XML or non-XML) [148]. XML Signatures are
digital signatures designed for use in XML transactions [213].

For the Semantic Web a digital signature is a mechanism used to un-
ambiguously verify an identity such as the author of a document [184]. The
implementation of digital signatures on the Semantic Web could result in a
system which can express and reason about relationships across the whole
range of public-key based security and trust systems. It is foreseen that
XMLDSig will be used in many phases of semantic knowledge manage-
ment systems, such as the authenticity verification for retrieved/updated
knowledge and involved intermediaries, among others [17].

A.10.2 Encryption

The V1 version of the Semantic Web layered architecture of Berners-Lee
(Figure A.2) does not depict Encryption. It was however added in version
V2 depicted in Figure A.3 where it is associated with layers three to six,
along with Signature.

Encryption is an effective way to achieve data security. XMLEnc (XML
Encryption) is a W3C standard that specifies how to encrypt/decrypt an
XML-formatted data object. XMLEnNc supports end-to-end (as opposed to
point-to-point) encryption of an XML object, which can be the whole or a
part of an XML document. The document can be transmitted in XML or
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non-XML syntax [139]. indexXMLEnc

On the Semantic Web it is foreseen that encryption would be used in
knowledge storage, internal/external knowledge transfer as well as authen-
tication [31, 148]. At present, the implementation of the Encryption func-
tionality within the Semantic Web remains largely a research effort [191].

A.11 THE TECHNOLOGIES OF THE LATER VER-
SIONS OF THE LAYERED ARCHITECTURE

Tim Berners-Lee published additional versions of the architecture in 2005
and 2006, referred to in this thesis as V3 and V4 respectively [34, 35]. A
third version (V3) of the Semantic Web architecture was introduced in his
keynote presentation at the 2005 World Wide Web Conference [34], and
the latest version (V4) of the architecture was presented in a AAAI2006
keynote presentation [35]. These versions are reproduced as Figures A.7
and A.8 with ’Layer’ captions corresponding to the first two versions as
depicted in Figures A.2 and A.2.

TrU$t Layer 7
Proof ] Layer 6
Logic
framework el
_l -
o Ow Rules -
A (=
& DLP bit of OWL/Rul -
Tl P : Layer 3b
- m : ]
RDF Core Layer 3a

Figure A.7: The V3 version of the Semantic Web architecture [34].

In this section the technologies of the last versions (V3 and V4) of the
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User Interface & applications Layer 8

Trust Layer 7

Proof Layer 6

Unifying Logic Layer 5

ontology: Rules:

s%:g& OWL RIF Layer 4
| RDF-S | e Layer 3b
mm ange: RDF Layer 3a

L Layer 2
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Figure A.8: The V4 version of the Semantic Web architecture [35].

architecture is discussed by relating it to the previous versions V1 and V2
in Figures A.2 and A.3 on pages 288 and 289. In Section A.11.1 the focus
is on the general adaptations that appear in versions V3 and V4 when
referring to versions V1 and V2 discussed in Section A.2. Section A.11.2
discusses the specific adaptations to Layer 4 in versions V3 and V4 with
the addition of Rules and Rules:RIF and SPARQL.

A.11.1 General adaptations

Versions V3 and V4 of the Semantic Web layered architecture proposed
by Berners-Lee [34, 35] introduce some noteworthy adaptations, which
are discussed in this section. These versions were introduced as part of
keynote presentations and thus the specific meaning of the architecture
adaptations (as in the case with the previous versions of the architecture)
has not been discussed in literature.

Layer 1 in versions V3 and V4 still depicts URI and Unicode. Layer 2
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in V3 in Figure A.7 is similar to previous versions, however, Namespaces
is omitted from the V4 architecture in Figure A.8. Generally, Namespaces
are regarded as included in the XML specifications'® and it is proposed
that the omission is regarded as superficial.

On Layer 3a in both V3 and V4 additional descriptions of RDF are in-
cluded, namely either RDF Core in V3 or Data interchange: RDF in V4.
However, the specific meaning thereof is unclear. RDF provides a meta-
data data model for data description. The Data interchange: RDF caption
in V4 support the functionality description of RDF as mechanism for data
interchange on the Semantic Web.

On Layer 3b in both V3 and V4 RDF Schema or RDF-S still resides
above RDF, however SPARQL is added. SPARQL provides a mechanism to
query RDF data. SPARQL is discussed in more detail in Section A.11.2.1.
In V3 Figure A.7 DLP bit of OWL/Rul is added as a layer above RDF
Schema but the intended meaning of this addition is unclear. DLP bit of
OWL/Rul is discussed in more detail in Section A.11.2.2.

In V3 and V4 on Layer 4, OWL and ontology: OWL replace Ontology
and Rules or Rules:RIF is introduced. Rules are therefore moved down
from Layer 4b in V2 of Figure A.3 to Layer 4 on the same level as OWL in
V3 and V4. OWL is the W3C recommendation that are used for the creation
of ontologies and it is discussed in Section A.6.1 on page 327. RIF is an
acronym for Rule Interchange Format that is at present a Working Group
of the W3C. RIF is discussed further in Section A.11.2.3.

On Layer 5 of both V3 and V4 Proof is extended down to above Rules,
thus residing both above both the Rules: RIF layer as well as above the
Unifying Logic layer. The purpose of this layer seem to be to assist with
the integration of different formalisms. In V4 the caption Unifying Logic
replaces Logic Framework but it is plausible to speculate that the intention
of the layer remain the same and this adaption is a matter of semantics.
Trust still resides on Layer 7 in bother V3 and V4. In addition, a layer (Layer
8) is added above Layer 7 in V4 depicting User Interface and applications

ORefer to Section A.4 on page 292 for a discussion of XML, Namespaces and XML
Schema.
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that seems to represent the notion that all applications and user interfaces
of the Semantic Web will reside above Layer 7. Layer 8 is problematic since
it neither depicts technologies nor functionalities required for the realisation
of the Semantic Web, but rather where Semantic Web applications would
reside, and thus the terminology of this layer deviates from all previous
versions.

The vertical layers in Figure A.3 (Digital Signatures and Encryption) are
still depicted in V3 in Figure A.7. However, in V4 (Figure A.8) they have
been replaced with a single vertical layer called Crypto. What is significant
is that the Crypto vertical layer does not start on top of Layer 2 (XML) as
in previous versions such as V3, but reside alongside the whole stack. It
is however not clear what is the meaning of Crypto and it is possible to
speculate that it is a combined layer reflecting the security needs of the
Semantic Web architecture.

A.11.2 Layer 4 adaptations

Layer 4 in V3 (Figure A.7) and V4 (Figure A.8) depicts the addition of
new technologies to the architecture, namely SPARQL, RIF and DLP bit
of OWL/Rul. There is however a deviation from the previous versions V1
and V2 of the Semantic Web layered architecture in the introduction of
these technologies since none of them are W3C recommendations whilst
previously only W3C recommendations were depicted. The remainder of
this section discusses SPARQL, RIF and DLP bit of OWL/Rul, as well as
highlight the present status of these technologies.

A.11.2.1 SPARQL

As mentioned in Section A.5.1, RDF is a data model and is considered to
be a flexible and extensible way to represent information about Web re-
sources. It is used to represent diverse information such as personal infor-
mation or meta-data about any digital artefacts. RDF provide a mechanism
to integrate diverse sources of information.
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In order to use RDF, a query language is considered to be an urgent
requirement [246, 248]. Without such a language it will not be possible
to efficiently extract information from an RDF data store. SPARQL has as
goal a standardised query language for RDF data. SPARQL Protocol And
RDF Query Language is the result of the W3C endeavour to develop a
query language and it offers developers and end users a way to write and
to consume the results of queries across this wide range of information.
Used in conjunction with a common protocol, applications can access and
combine information from across the Web [248]. SPARQL is at present a
W3C candidate recommendation.

A.11.2.2 DLP bit of OWL/Rul layer

DLP bit of OWL/Rul is added as a layer above RDF Schema but the in-
tended meaning of this addition is unclear.

DLP (Description Logic Programs) is described as a mechanism to
transform any OWL ontology into a (disjunctive) logic program [90]. How-
ever, Hitzler, Haase, Krotzsch, Sure and Studer [128] states that an entirely
satisfactory definition of DLP is not straightforward. According to them,
DLP was originally conceived in [115] as a fragment of OWL DL, but sub-
sequently it has been a source of confusion and controversy.

The addition of the DLP bit of OWL/Rul layer into V3 seems to be to in-
corporate the work of Grosof, Horrocks, Volz and Decker [115] who argue
for a mechanism to interoperate, semantically and inferentially, between
rules (as RuleML Logic Programs) and ontologies (as OWL/DAML+OIL De-
scription Logic). They define DLP as an intermediate knowledge represen-
tation contained within this intersection between rules and ontologies. The
intention is for DLP to extend Datalog to include knowledge representation.
In this case it is plausible to speculate that, in order for Rules to reside
above RDF Schema, it was considered to necessary to extract the DLP bit
of OWL/Rul from OWL and insert this into a layer above RDF Schema.

However, this was since refuted by Horrocks, Parsia, Patel-Schneider
and Hendler [130] who argue that (1) Datalog cannot be layered on DLP
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due to semantic differences, unless a different semantics for DLP (DLP-
Datalog) is adopted, (2) DLP-Datalog cannot be layered on RDF Schema
and is not compatible with RDF semantics, and (3) OWL cannot be layered
on top of DLP-Datalog.

Datalog is a (function-free) variant of Horn predicate logic which is
widely used for deductive databases [177]. It is also described as a query
and rule language for deductive databases that, syntactically, is a sub-set
of Prolog [65]. Datalog was popular in academic database research but
never succeeded in becoming part of a commercial database system. Ad-
vantages of Datalog over SQL such as the clean semantics or recursive
queries were not sufficient. Datalog is however used in knowledge repre-
sentation applications, such as KAON-2, a Datalog system that represents
an approximation of OWL. In addition, Ontoprise implemented OntoBroker,
which is based on a Datalog reasoner [4].

In summary, the DLP bit of OWL/Rul layer in the V3 version (Figure
A.7) of the architecture introduced Datalog extensions to the architecture
underlying OWL [60]. However, Horrocks et al. [130] pointed out that OWL
and Datalog are not semantically compatible. This is probably the reason
for the removal of this layer in the subsequent V4 version (Figure A.8).

A11.23 RIF

The Semantic Web Activity group of the W3C established a RIF (Rule In-
terchange Format) Working Group at the end of 2005 in order to specify a
core rule language with extensions, which together, allow rules to be trans-
lated between rule languages and thus transferred between rule systems
[255].

Rule-languages and rule-based systems have been used in Computer
Science and Information Technology in several types of applications such
as expert systems or deductive databases. Automated inferencing based
on symbolic representations has a rich history and continues to be a key
technology driver [43, 127]. Due to the innovations prevalent in the Seman-
tic Web domain, there is now a need for research in this technology area
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[255]. Some issues pertaining to automated inferencing will require fur-
ther research, but others can be addressed by enabling existing rule-based
technologies to interoperate according to standards-based methodologies
and processes. This is the basic goal of RIF (the Rule Interchange Format)
[247]. The RIF Working Group attempts to devise the required standards
that are useful in the present situation as well as being easily extensible
in order to deal with the evolution of rule technology and other enabling
technologies [255].

The RIF Working Group published a new Public Working Draft of RIF
called RIF Use Cases and Requirements [247]. This version includes re-
quirements in addition to use cases, as well as goals and a rough cut of the
space of rule systems likely to be addressed in Phase 1. RIF is at present
a W3C member submission as working draft and the W3C Team is eval-
uating this submission within the context of W3C activities. The W3C has
not endorsed the submission of RIF yet.

A.12 CONCLUSION

At present, the information overload experienced by information technology
users, specifically on the Web, necessitates the introduction of automated
information management functionality, one realisation of which constitutes
the envisioned Semantic Web. In addition, the Semantic Web and its as-
sociated technologies are permeating various fields and domains within
the ICT (Information and Communications Technology) domain. In order to
understand the nature and impact of these technologies, specifically with
regard to the envisioned Semantic Web by Berners-Lee and the relation
with the proposed versions of his architecture, it is necessary to discuss
these technologies and concepts. In this report, the research provided a
starting point to assimilate Semantic Web terminology and associated con-
cepts. In addition, the information about the technologies presented in this
report serves as a foundation to any subsequent discussions of the differ-
ent versions of the Semantic Web layered architecture.
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