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Abstract

Science is facing many organisational challenges. Online technologies are opening

new ways for scientists to communicate and exchange knowledge. Technological ad-

vances in scientific instrumentation are allowing scientists to gather large quantities

of data that place increasing demands on storage, processing and data management.

New knowledge, data and compute resource technologies are being developed to

cope with these demands. These trends have lead to unprecedented capacity for the

creation of scientific knowledge.

I argue, however, that the area of scientific publishing, though it has seen signifi-

cant improvements, has not fully capitalised on the available knowledgemanagement

and networking technologies. I present a general strategy and some initial steps to-

ward a new semantic publishing paradigm that draws together technologies and ideas

from knowledge representation, grid technologies, web 2.0 and the Semantic Web.

At the core of semantic publishing is detailed semantic representation of scientific

ideas and arguments. With such representation, the concept of theory provenance—

a record of the arguments and dependencies of published ideas—becomes feasible.

When theory provenance is combined with data provenance (the history of acquisi-

tion and processing of data) published science can achieve full transparency, allowing

effective verification and review.

As an initial forray into semantic representation of scientific arguments, I present

a framework for representing arguments based on evidence. Such arguments are fun-

damental to science, and are essential to detailed semantic representation of scientific

arguments.

I argue that a semantically published body of knowledge can be exposed to au-

tomatic and semi-automatic analysis such as accurate citation and impact analysis,

adapted social bookmarking as a quality and interest measure and provision of differ-

ent presentations or views of scientific knowledge for diverse audiences. Advances in

natural language processing also suggest the future possibility of automatic semantic

translation of existing published works. With improved computing power and artifi-

cial intelligence technologies, automated reasoning could conceivably be applied to a

semantically published body of knowledge as a tool for consistency checking and an

aid to discovering new scientific theories.

Finally, I summarise the social changes, technological gaps and missing knowl-

edge that would need to be filled to achieve this vision, and argue that these chal-

lenges are not insurmountable.
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Chapter 1

Introduction

In recent years, we have seen substantial changes in the ways we communicate and

share knowledge. The internet has become the first port of call when new information

is sought, email is often our first choice when we want to contact someone, and new

web phenomena are changing the way the coming generation socialises. Along side

the Internet phenomena has been an exponential increase in our capacity to gather and

store data [153; 142]. Though the processing power of our computers is also increasing

exponentially [101; 44] much of our data is still inaccessible due to its volume. It

has often been stated that we are “data rich and information poor” (eg: [145]). New

information technologies, standards and data management practices are beginning to

solve these problems.

These changes are having a significant impact on science. International collabora-

tion has become the norm, made possible by new communication and data sharing

technologies. The dissemination of published work has become vastly more effective

with digital repositories and services like CiteSeer[24] and Google Scholar [60]. Work-

flow systems, grid computing and ever faster supercomputers are helping scientists

manage complex manipulations of large data sets and data collection systems [44].

These tools and techniques still leave much room for improvement. Our capacity

to generate experimental data is fast outstripping our capacity to organise and utilise

it. Scientific work is being published at an ever increasing rate, making it more and

more difficult to manage our vast store of knowledge. Our scientific publishing tech-

niques are still essentially ’on paper’ using a publishing model was first used in 1665

when the first editions of ”Journal des sçavans“ and ”Philosophical Transactions of

the Royal Society“ appeared.

Current work in eScience is tackling many of these issues. Data grids are pro-

viding a framework for organisation and access to the vast data stores [44]. Semantic

grids promise to streamline resource and data sharing and provide clearer provenance

tracking [127]. Automated workflow tools are allowing more efficient utilisation of

data and other resources such as supercomputers [44; 61]. Collaborative tools tailored

to science are being developed [131]. Knowledge representation and management

tools are being developed and applied in many areas of science to add utility to large

and cumbersome collections of knowledge [139; 14]. Ideas from the semantic web ini-

tiative are starting to be used to track provenance of data and other resources and to

manage and enable efficient scientific workflows [96]. These and other developments

1



2 Introduction

in eScience are surveyed in Chapter 2.

Microsoft research sums up these concepts in their report ”Towards 2020 Science“

[39]:

Our findings have significant implications for scientific publishing, where

we believe that even near-term developments in the computing infrastruc-

ture for science which links data, knowledge and scientists will lead to a

transformation of the scientific communication paradigm.

1.1 eScience and The Scientific Method

The scientific method has been long studied. There are many famous publications (eg:

[120; 65; 97]), and the basic elements have long been agreed upon. Hilf, Kohlhase, and

Stamerjohanns provided a schematic overview of this consensus [68] (see Figure 1.1).

Figure 1.1: The Scientific Method—image from [68]

I do not wish to go into too this process in detail except to note that communication

is an essential and integrated part of the process. It is through effective communica-

tion of our ideas that we act as a community of scientists, and not just a collection

of individual researchers. The dissemination of scientific findings is essential to the

continued development of our understanding of the world. It allows us to ”stand on

the shoulders of giants“ 1. Hilf et al describe this need in point DP6 [68]:

. . . the actual spreading of the information on the findings to other labo-

ratories in the world is part of the operational procedure to gain physics

insight.

1This metaphor was first recorded in the twelfth century and attributed to Bernard of Chartres -
Wikipedia
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Figure 1.2: The process of science today—image from [58]

We will see in Chapter 2 that efforts in eScience are helping many of the steps out-

lined in Figure 1.1. The importance of efficient and effective publication technologies

has been recognised in the eScience research community (see Figure 1.2). Efforts to

improve our scientific publications, however, have concentrated on improving access

to the current ’on paper’ format.

1.2 A New Vision for Scientific Publication

My key proposal in this thesis is a vision of scientific publishing in which science is

published in a direct conceptual form. By this I mean that the core published material

is in the form of represented knowledge—a form in which the published concepts and

the links between them are explicitly represented in a format similar to the knowledge

representation formats of today. This vision is not intended to be something that can

be attained in the short term, more as a possible future to which to aspire, and which

may be closer that we think.

In Chapter 3 I introduce this vision, present some possible advantages and discuss

technical and other difficulties that may obstruct the realisation of the vision. New

concepts of semantic citation, a citation between concepts which carries an indication

of the nature of the citation (depends on, refutes, is distinct from etc..) and theory

provenance, a record of the concepts that lead to and support a theory, are proposed.

When theory provenance and data provenance (a record of all the steps taken to

obtain data) are combined, the full history of scientific findings is revealed. This has

useful implications for effective knowledge management, transparency of scientific

endeavour, attribution of merit, recognition of impact etc...

There are many other possible advantages of such a system. For example modified

collaborative indexing techniques could be employed to measure importance and va-

lidity of published elements, replacing and/or enhancing traditional peer-review and
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citation tracking techniques. There could be personalised digests of published results

tailored to specific interest areas, but including important results that are more dis-

tant. No doubt more advantages will become apparent should such a system come

into existence.

1.3 Evidential Reasoning and Schools of Thought - Small Pieces

of the Semantic Publishing Puzzle

Fundamental to the scientific method is the development of a theory about a phenom-

ena fromwhich predictions can bemade, and subsequent development of a repeatable

experiment whose results match the predictions of the theory. Scientific publications

often contain these elements. In Chapter 4 I develop a framework for representing

arguments based on experimental evidence and present case studies illustrating its

application.

A common situation in science is the existence of differing theories to describe a

phenomenon or schools of thought. In order to allow parallel development of these

different strands of science, a knowledge representation system needs to be able to

identify and mange (possibly contradictory) groups of ideas. In Chapter 5 I describe

one approach to this problem.

1.4 Roadmap for Future Research

The vision of semantic publishing I have presented is a long term goal. Though much

of what I describe and develop in Chapter 3 can be done with existing technologies,

I have identified many research avenues. Chapter 6 presents a summary of these

directions.



Chapter 2

Knowledge Representation, Science

and the Web

Information technology has seen a rapid evolution, both in technological advances,

and in the expansion and availability of computer and networking infrastructure. This

has had many impacts on the way science is done [58]. In this chapter, I review these

changes as they relate to the publishing vision presented in Chapter 3.

Knowledge representation (KR) is the starting point for the publishing vision I will

forward in this thesis. In Section 2.1 I present an overview of knowledge representa-

tion techniques and tools and their application in the Semantic Web, then go on in

Section 2.2 to investigate knowledge representation initiatives in science.

Grid technologies are increasingly important in the data intensive, highly collabo-

rative atmosphere of science today. These are important to semantic science publish-

ing as they are an environment from which science is published (and will, perhaps,

become a dominant environment), they provide data provenance and they use rep-

resented scientific knowledge as an organisational principle for the resources they

manage. In Section 2.3 I summarise current developments in grid technologies for

eScience.

The final sections of this chapter contain investigations of other relevant technolo-

gies and social phenomena: Section 2.4 summarises recent developments in science

publishing such as open access and concerns about peer review. Section 2.5 looks

into currently available semantic publishing tools. Section 2.6 investigates new web

technologies and social phenomena such as wikis, open source development andWeb

2.0.

2.1 Knowledge Representation and Ontologies

With KR, represented knowledge can be exposed to automated processing, enabling

the services outlined in Chapter 3 and, no doubt, many other innovative services yet

to be devised.

5



6 Knowledge Representation, Science and the Web

2.1.1 Overview

Representing knowledge in a formalised way has been a human activity since the

dawn of civilisation. In spoken language words and sentences characterise cultural

knowledge of the world. More recently, writing has given us a more permanent

medium for representing knowledge and mathematics was developed to help us to

formalise our knowledge of things in the world.

In computer science, conceptual modelling—formalising and representing some

aspect of our knowledge—can be thought of as a part of any programming activity.

As our computer systems, the data they operate on and the tasks we ask of them

have increased in complexity, conceptual modelling has become an important area of

computer science research [17].

The field of Knowledge Representation (KR)originated as a branch of artificial in-

telligence (AI). The conceptual modelling and representation practises used in other

fields have now converged with that of AI and KR is now understood in a broader

context. John Sowa describes it succinctly:

“Knowledge representation is a multidisciplinary subject that applies the-

ories and techniques from three other fields:

1. Logic provides formal structure and rules of inference

2. Ontology defines the kinds of things that exist in the application do-

main.

3. Computation supports the applications that distinguish knowledge rep-

resentation from pure philosophy.”

(from [137])

A similar but perhaps more restrictive definition can be found in The Description

Logic Handbook [6]:

Knowledge Representation is the field of Artificial Intelligence that focuses

on the design of formalisms that are both epistemologically and computa-

tionally adequate for expressing knowledge about a particular domain.

The ideas presented in this thesis are more in line with Sowa’s definition. I will be

considering formalised representations that some would argue to be computationally

inadequate, in the sense that automated reasoning with them is not reliable, but which

might play a key role in supporting the publishing vision presented in Chapter 3.

A knowledge base is a collection of represented knowledge from some domain de-

signed for some specific purpose or purposes. Example might be the human genome,

the words of the English language or varieties of fruit.

2.1.2 Ontology

The term ontology originated (and is still used) as a branch of philosophy which stud-

ies the “nature and existence of things in the world” and “aims at the objective de-

scription of any domain of objects” [163]. Philosophical ontology often deals with
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vocabularies of terms describing a particular domain and, in information systems lit-

erature, the term ontology has been used to describe collections of knowledge ranging

from vocabularies and catalogues to sets of general logical constraints [134]. There are

two widely cited definitions of information systems ontology which align better with

more recent usage:

“An ontology is an explicit specification of a conceptualisation” [62]

“An ontology is a logical theory accounting for the intended meaning of a

formal vocabulary”[63]

The difference between these two definitions is subtle. The emphasis on “intended

meaning” in the second definition brings it closer to represented knowledge, whereas

the first is more pragmatic and perhaps closer to the way in which an ontology would

be constructed. Reference [163] covers this distinction in more detail and attempts to

unify the two.

2.1.3 Description Logic

The study of knowledge representation for artificial intelligence led to questions about

the tractability and computational complexity of different systems. Theoretical at-

tempts by logicians to answer these questions led to a deeper understanding of the

tractability of automated reasoning and the development of a family of languages for

representing knowledge. These languages are called description logics (DLs).

Seminal work the computational complexity analysis of DLs was done by Hector

J. Levesque and Ronald J. Brachman [89]. They recognised that there is a trade-off

between the expressive power of a language for knowledge representation and the

difficulty of reasoning with the resultant knowledge bases. A fundamental result they

point out is that languages entailing first order logic result in potentially unbounded

reasoning operations. In a sufficiently expressive system, there will always be ques-

tions for which an automatic reasoner will never find an answer. Mathematics with

the real numbers is such a system.

Levesque and Brachman’s approach was to investigate which features of first or-

der logic could be removed to obtain a decidable logic—that is, a logical system for

which all questions could be answered in finite time. Since then, many results on the

complexity and decidability of DLs have been found [162].

Two other knowledge representation approaches, frame-based systems and se-

mantic networks, have been shown to be formally equivalent to certain description

logics1 and the complexity and decidability results can also be applied to them [6].

Description logics form the basis of many automated reasoning applications and

systems today. In particularWeb Ontology Language (OWL; [151]), theW3C standard

ontology language for the Semantic Web, is based on a description logic. Some signifi-

cant areas of application have been in software engineering (managing large software

systems), configuration (piecing together a set of components to match a problem

1If non-monotonic features such as default values are excluded
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specification), medical informatics, natural language processing and data manage-

ment [6].

2.1.4 The Semantic Web

The Semantic Web is the brainchild of Sir Tim Berners-Lee. Knowledge representation

and automated reasoning technologies had been successfully used in information sys-

tems to make efficient use of complex and large data sets. Berners-Lee recognised the

potential of these technologies in the context of the World Wide Web. In a famous

2001 article in Scientific American, he described his vision of the semantic web:

The Semantic Web is “. . . an extension of the current Web in which in-

formation is given well defined meaning, better enabling computers and

people to work in cooperation.” [13]

A Web where content and services have machine-readable semantic annotations

would offer many advantages. Information could be retrieved accurately and effi-

ciently using search results which match the precise meanings of search terms. Au-

tomated agents could scour the Web for information and services to fulfil sparsely

specified requests such as “find me a dentist I can trust near the airport in London

and make a booking for Tuesday morning”.

Berners-Lee’s fame and the obvious potential of these ideas stimulated much ex-

citement in some areas of the computer science research community. There was an

expectation that the Semantic Web would flourish with a similar rapidity to the ad-

vent of the World Wide Web, however this has not happened. The Web is still largely

semantically un-annotated and society has been slow to develop the ontologies that

would be needed to mark up content [66]. But considerable progress has been made,

and some would argue that the Semantic Web still appears to be an achievable if not

inevitable future [129].

2.2 Knowledge Representation in Science

As the quantity and complexity of scientific data and knowledge has increased, new

technologies have been developed to organise and effectively utilise it. In many areas

of science, knowledge bases have been created or are in the process of creation. These

knowledge bases are primarily in the form of DL ontologies. Their application has led

to sophisticated data retrieval and resource management systems (see 2.2.3).

Much scientific knowledge cannot be represented using DL ontologies due to their

limited expressiveness. More expressive higher order logic formalisms have been

developed for disciplines such as mathematics and physics. Other sciences such as

chemistry and earth sciences have developed markup languages for data exchange

and interoperability.

The importance of these knowledge representation efforts to the thesis presented

here is that they provide a format for the representation and communication of the
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concepts and relationships that are the subject of scientific investigation. Such repre-

sentational formats are the foundation of the semantic publishing vision presented in

Chapter 3.

2.2.1 Domain Markup Languages

Specialised scientificmarkup languages have been driven by the need to extendHTML

to perform typesetting of technical information such as mathematical formulae, by the

need for standard information and data exchange formats, and the need for standard

formats for automated processing. Numerous markup languages supporting science

and eResearch exist or are under development[9]. A substantial list of markup lan-

guages can be found on-line[143]. This list is likely out of date and may contain obso-

lete standards, however it is a good indication of the substantial development efforts

in this area. The following are a few notable examples from science:

MathML, OpenMath and OMDoc Mathematics markup languages - MathML is in-

tended for presentation of mathematical formulae [93]. OpenMath captures the

meaning or semantics of mathematical formuae and can be used to complement

MathML. OMDoc incorporates both MathML2 and OpenMath and OMDoc al-

lows the definition of entities (such as definitions and theories) and relations

between them [111].

PhysML Physics markup language is an extension of OMDoc intended to represent

results and theories from physics [68].

CML Chemistry markup language describes molecules. An open standard to enable

interoperability of analytical tools. It covers disciplines from macromolecular

sequences to inorganic molecules and quantum chemistry [25].

ESML Earth science markup language [41]. Similar in intent to CML, but with geo-

physics data formats.

QCDml An XML schema for marking up gauge configurations in lattice quantum

chromodynamics [94].

2.2.2 Reasoning with Complex Knowledge

In many areas of science, core results are expressed in mathematics. In the words of

Galileo:

Mathematics is the key and door to the sciences.

We can devise formalised representation systems for such knowledge, however as we

have seen in Section 2.1.3, automated reasoning based on logic is unreliable with such

highly expressive systems. That does not mean, however, that automated reasoning

is not useful for scientific applications.

2OMDoc captures Content MathML - that is, the non-presentation aspects of MathML
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In mathematics, automated theorem proving systems have successfully aided re-

searchers to findmathematical proofs that had not previously been known [95]. These

systems often require (sometimes substantial) human intervention. Due to the unde-

cidability of the underlying system, they may, at times, effectively get stuck, and in

order to move forward, they need a hint.

This may still be helpful—the points at which the reasoning system gets stuck

may be informative, and the system will likely be able to check consistency without

help in many cases. On the other hand, the system may a need huge number hints

before it can arrive at an answer. Also, the algorithms used in these systems are highly

complex. Even if answers can be found without help, the execution times to find them

may be prohibitively long. One anecdotal estimate of the level of complexity this

could entail is:

Its like being asked to carry out an exhaustive case analysis of chess, start-

ing from scratch, but much much harder [10].

Though it may be worth experimenting with current technologies to gauge their po-

tential and move toward a possible future with more powerfull automated reasoning

systems, we are unlikely to see fully-automated reasoning providing substantial sup-

port for mathematical representations of scientific knowledge in the near future.

One such experiment would be to build a fully-automated system that attempts

to check consistency of a knowledge base containing complex mathematical relations.

Such a system would not always be able to complete the check, however it would still

be useful when it succeeds. To the best of my knowledge, this has not been attempted

on general mathematical theories, however theorem provers have been successfully

used to check consistency of theories in first order logic [22].

2.2.3 Ontologies in Science

The potential for ontology based knowledge management was recognised early, and

already in 2000 there were several ontologies in use in scientific research [139]. Ontolo-

gies are nowwidely used in bioinformatics, with substantial well developed reference

ontologies [38; 69] and ontologies developed by the MyGrid project [140]. Another

area that has seen significant work in ontology development has been in association

with the construction of semantic grids (see Section 2.3.3). Numerous platforms and

methodologies for ontology construction and maintenance have been developed [140;

8; 90; 156].

One application of ontologies in science is data integration. Well developed on-

tologies, made in collaboration with relevant expert communities, serve as a standard

form of annotation and allow diverse data formats to be utilised interoperably. There

are several projects working on these issues [47; 158].
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2.3 Grid Technologies

Loosely speaking, a Grid is a digital federation of geographically dispersed resources.

These resources could be data, computers, grid users or scientific instruments. The

Grid provides a uniform platform to view, communicate with or otherwise utilise

these resources. Grid implementations for science provide data provenance, pro-

cess automation, access and security control, collaborative tools and simplified data

access. We shall see that Grid infrastructures are effective (perhaps essential) tools

for eScience in today’s highly-collaborative and computationally-intensive scientific

milieu. Grid technologies are important in the discussion here for several reasons.

Firstly, in the proposed semantic publishing vision, publishing is an integral part of

the research process and is derived from and feeds back into the Grid. Secondly, Grid

infrastructures would enable effective management of the collected semantically pub-

lished knowledge.

Another area of interest is the development of provenance tracking collaborative

tools. There is some potential to incorporate represented knowledge into these sys-

tems, providing a less work-intensive semantic authoring tool. More on this in Section

3.6.3.

2.3.1 What is a Grid?

The initial motivation for the invention of Grids was to fully utilise and mange het-

erogeneous, dispersed super-computer facilities and very large data stores—the vi-

sion was to create a large and powerful virtual supercomputer. The term Grid was

inspired by the electrical power grid: in the power grid, you receive electricity and do

not know where it comes from, similarly, in a computational grid, you do not know

which physical computer is processing your data. This allows the compute resources

to be efficiently and automatically utilised. As the technology evolved, its denizens

realised that the management and coordination of the resources that the Grid offers

could have a far reaching impact on the nature and abilities of our interconnected

computer infrastructure including the internet and the WWW [44].

Ian Foster, a prominent figure in the grid research community, has attempted to

provide a definition of what a ’Grid’ is:

A Grid Checklist

I suggest that . . . a Grid is a system that:

1. Coordinates resources that are not subject to centralised control . . .

2. . . . using standard, open, general-purpose protocols and interfaces . . .

3. . . . to deliver nontrivial qualities of service. [43]

Foster is not specific about the nature of the resources—they could be data, computa-

tional power, other grid users or anything else appropriate to the application. Nor is

he specific about the nature of the coordination—later we will see that what is known
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as a Semantic Grid is a Grid equipped with Semantic Web technologies and annota-

tions.

With the lack of centralised control, a Grid is scalable and robust to computer

failures. Foster’s second point ensures that there will be many applications and other

resources that can effectively utilise a Grid. Thirdly, delivering nontrivial qualities of

service means that a Grid becomes a an effective and useful resource to its users.

AGrid that has resources requiring controlled accessmust implement non-centralised

mechanisms for authentication and rights management, and this is a common feature

in grid systems. This feature is important if scientific knowledge is to be digitally

represented as scientists may want to, at times, allow access only to those in close

collaboration lest someone else publish the ideas before them. We shall see in Section

3.4.6 that a semantic publishing system could reduce this need.

An important concept in Grid systems is virtualisation. This principally concerns

the provision of views and organisations that can be designed independent of the

underlying network structures and physical locations of resources [44].

An nice example of virtualisation is the Earth System Grid (Figure 2.3.1), whose

data catalogue(s) look like a single filesystem to the the user. In fact, with OPeNDAP-

G technology, not only does one not need to know where the files are, one doesn’t

even have to know what or how many files are used to build a particular (space-time)

data set [40]. Figure 2.3.1 is a schematic of the Earth SystemGrid indicating its primary

services and data storage facilities. On the schematic NCARMSS (NCARmass storage

system) and ORNL HPSS (Oak Ridge National Laboratory High Performance Storage

System) are deep, high-capacity robot tape storage systems. The Storage Resource

Manager (SRM) middleware, used to retrieve data from the deep archives and the

Replica Location Service (RLS) support the data virtualisation described above.

Grid technology is an evolving and dynamic area. In order to foster the interoper-

ability between diverse grid applications and implementations, an open community

focused on the development of Grid standards has been formed. The Open Grid Fo-

rum [110] accomplishes its work through open forums that build the community, ex-

plore trends, share best practises and consolidate these best practises into standards.

Foster has also put forward a vision for The GRID—a future in which the internet is

full of grids, all communicating and inter-operating, effectively one large grid similar

in its ubiquity to theWorldWideWeb. The Grid would be one enormous marketplace

of computing services, data and consumers, heralding unprecedented efficiencies and

possibilities [44].

2.3.2 Grids in eScience

Grids have been widely used in areas of science that involve large quantities of data

and which are analysed and processed by geographically distributed (often interna-

tional) collaborations. Data grids are often combined with mechanisms for sharing

and utilising computing resources such as supercomputers. Some prominent exam-

ples are the Earth System Grid [40] for climate and environmental data, the EU Data-

Grid Project which will manage data from the Large Hadron Collider [27], the Open
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Figure 2.1: Earth System Grid Architecture [40]

Science Grid in the USA [115], the International Lattice Data Grid [18; 71] for quan-

tum chromodynamics data and the National FusionGrid of the USA [49]. A data grid

technology for plasma physics has been developed at the ANU [51]. The list of imple-

mented Grids is long and growing [44].

2.3.2.1 Workflows

A workflow is a series of tasks describing a method for achieving something. The term

is used in business and government contexts to describe work processes [42].

In the context of Grids and eScience, a workflow consists of a high level descrip-

tion of a task and tools and data formats which can be interpreted by Gridmiddleware

to perform the task in an efficient and distributed way. Typically these workflows are

so large and the data sources and participants so widely distributed that they can-

not be executed within one system or institution [44]. Ludascher et al state effective

description of workflows in the science context [91]:

Scientific workflows . . . are networks of analytical steps that may involve

database access and querying steps, data analysis and mining steps, and

many other steps including computationally intensive jobs on high perfor-

mance cluster computers.

Workflow tools such as Pegasus [31], Swift [159] and Kepler [91] act as meta-

programming languages to automate Grid services and are being used in many data



14 Knowledge Representation, Science and the Web

and computationally intensive areas of science such as climate science, particle physics,

biology and medicine [44].

2.3.2.2 Data Provenance

Provenance is a term that has long been used to describe the history of ownership and

modification of works of art in order to track their value and authenticity. This prin-

ciple can be applied to data to provide transparency in its acquisition and processing,

allowing those who use the data to determine its validity and to verify its accuracy

[102].

The term data provenance has sometimes been used in a relatively restricted techni-

cal sense: a record of the computational steps that transformed raw experimental data

into that which is published [44]. I will be using a somewhat broader sense, including

details of how the experiment was conducted. The intention is for data provenance to

provide sufficient information for another researcher to reproduce the result.

There have been concerns expressed in the scientific community about the lack of

provenance in published work. For example, new algorithms published in compu-

tational science often lack sufficient detail to reproduce the published results [122].

There have been some attempts at publishing formats with embedded source code to

deal with these problems [123; 88].

In another example of the need for provenance, complex derivation of data from

scientific workflows can obscure the data’s significance and meaning not only from

those reading published work, but also from those who created the data [99]. Many

Grid workflow implementations, therefore, have implemented effective provenance

gathering mechanisms. Several surveys of data provenance practises in eScience have

been compiled [133; 16]. They report that, though provenance issues are being ad-

dressed, there is still much work to be done, in particular on standards to allow the

portability of provenance metadata.

2.3.2.3 Collaborative Tools

State of the art collaborative tools are being incorporated into Grid middleware [131;

103; 104]. These tools incorporate knowledge management services for annotating

and organising records of meetings and other collaborative events. In a sense, these

tools are tracking the provenance of ideas. This leads to an interesting possibility for

an easy adoption path to semantic publishing—see Section 3.6.3 for more on this.

2.3.3 Semantic Grids

The term Semantic Grid was coined by De Roure, Jennings and Shadbolt to describe

“the application of Semantic Web technologies both on and in the Grid” [126]. The

basic idea is to use Semantic Web technologies such as web services and autonomous

agents to manage resource discovery/allocation of the data/services that the Grid is

serving (on the Grid) and to manage grid middleware that realises virtualisation, se-

curity and other Grid services (in the Grid). The effectiveness and efficiency of Grid
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services is substantially enhanced by this approach, particularly when the Grid con-

tains large and complex resources [127; 57]. This can also been seen in research on

workflow automation [132] and resource discovery [136; 3].

There are many semantic grid implementations in science today [98; 23; 56; 44;

140]. Virtual observatories [14], though they do not claim to be semantic grids, sat-

isfy Foster’s grid criteria and apply Semantic Web technologies. Virtual observatory

middleware has been implemented [46] and successfully deployed to serve data from

fields spanning upper atmospheric terrestrial physics to solar physics [96]. Work on

grid development [12] indicates that this is also a rich and growing field.

2.4 Publishing in Science

As with many areas of human endeavour, the advent of the Internet and the World

Wide Web has stimulated changes in the science publishing industry. The majority

of scientific journals and conferences (possibly all) now publish their material in dig-

ital form. Indeed there are now journals that publish only in digital form (e.g. [118;

79; 112]). Repositories of scientific articles often have associated knowledge manage-

ment services such as keyword searches and subject categorisation (eg: Springer, IEEE

and ACM) and second party search and categorisation services such as CiteSeer [24],

Google Scholar [60] and the ISI Web of Knowledge [76] provide one-stop portals to

much of the worlds published science.

Despite these advances, our scientific publishing techniques are still essentially ’on

paper’, albeit digital paper, largely failing to utilise many of the powerful knowledge

management techniques that are available [29]. This publishing model was first used

in 1665 when the first editions of ”Journal des sçavans“ and ”Philosophical Transac-

tions of the Royal Society“ appeared and has not changed significantly in the ensuing

350 years.

Science publishing today is in flux. The stayed core of reputable journals has not

changed significantly, however controversy and new ideas abound concerning prob-

lems of quality and access in the current system. The effectiveness of peer review

has been brought into question [78; 21; 32] and is the topic of open discussions (e.g.

[106]). Un-refereed pre-print archives such as arXiv [5] have been very successful

(arXiv passed 1 million articles this year, many of which have been published in refer-

eed journals) and open access journals have proliferated [35] with some high impact

journals among them [119]. The debate about open access to published science in-

volves major players in the scientific community—recently, US government funding

required public access to the results of funded research [7]. Peter Suber has compiled

a Timeline of the Open Access Movement [141] that gives some indication of the ac-

celerating uptake of an open access publishing model for science.

One journal worth noting here is PLoS One [118; 54]. This innovative on-line jour-

nal published by the Public Library of Science has an unusual publishing philosophy.

Firstly, it does not restrict itself to any particular field. The motivation for this is to

provide a publishing space for interdisciplinary articles whose content spans many
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disciplines but does not fit the narrow subject area of any discipline-specific journals.

Secondly, it publishes any paper that meets their technical standards, not attempting

to asses the importance of the content—this is achieved by comments and critiques

left by readers. Thirdly, it operates with a publisher pays system, allowing them to

provide free public access to published material.

The general science journal Nature [106], apart from support for community dis-

cussions of issues such as peer review, has been experimenting withWeb 2.0 technolo-

gies, for example reference [138] has an associated wiki where the public can edit and

update the content as well as facilities for leaving comments and discussion.

Another interesting example is the UN-supported Intergovernmental Panel on Cli-

mate Change (IPCC) that periodically publishes reports summarising the scientific

understanding and knowledge of the Earth’s climate. These publications have sig-

nificant impact on government and business decisions around the world, and indeed

on our societies future. They have a detailed and highly rigorous process with which

they build these reports [72].

2.5 Semantic Publishing Tools

Many tools and platforms have been developed for publishing text based amd mul-

timedia material with semantic annotations [149; 82; 147]. Many tools also support

ontology additions and maintenance and are oriented toward realisation of the vi-

sion of the Semantic Web. The tools provide a possible starting point for a semantic

publishing approach that I propose in Section 3.2.5.

A recent knowledge management initiative in the business sector, commonly re-

ferred to as single sourcing, builds on the idea that a single piece of information should

be represented only once within a collection of knowledge. Many business docu-

ments contain the same piece of information (for example, the name of the CEO). If

the piece of information changes, that information must be found and changed in all

the documents the business uses. This approach is especially useful for technical doc-

umentation and help systems, the same instruction may appear in several contexts.

It is much easier to maintain the consistency of such documentation if that instruc-

tion needs updating in only one place. DITA [33] is a widely used standard for single

sourcing, with many XML editors now supporting it [34].

The single-sourcing process is very similar to semantic publishing in that they

both build structured documents that refer to elements of other documents. In single-

sourcing, this structure relates to layout and the elements are generally blocks of text.

In semantic publishing, the structure represents arguments and the elements represent

concepts. Semantic publishing can be thought of as single sourcing with a higher level

of abstraction.

Single sourcing is important here for several reasons. The existence of and experi-

ences from content creation and editing tools is relevant to semantic publishing tools.

Secondly, knowledge management culture evolving around single sourcing is posi-

tive: a significant community of knowledge users is learning to think in ways similar
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to knowledge representation.

Another class of applications that incorporate machine readable semantics are se-

mantic desktops [128; 77]. These are semantically aware knowledge management sys-

tems for personal computers. Files and programs are have semantic tags, either given

automatically or by the user, or already present. As with other applicationsmentioned

here, these tools are essentially doing semantic publishing to some degree, and again,

are important both for design experience and tool availability and for the user base

that is gaining awareness of semantically represented knowledge.

Another relevant semantic tool is the “living book” [11; 15]. Living books adapt

their content to the (known) prior knowledge of a user, constructing their content

from the extra information the user requires to achieve a learning goal and were used

to create course notes for mathematics course at universities. This technology (or one

like it) could be used to build layers of content relevant to different audiences (see

Section 3.4.4 for more information).

2.6 NewWeb Technologies and Social Phenomena

The internet and theworldwideweb provide unprecedented possibilities for informa-

tion transfer and communication. In recent years, people have been exploring these

possibilities in new and innovative ways. Much of this research has happened on a

community level, outside of traditional research institutions, and these institutions

have been slow to adopt the new technologies [146]. As young scientists who spent

their youth in an internet enabled world enter the research community, these tech-

nologies are gaining more interest within the scientific community.

The term Web 2.0 has been used to describe a variety of modern internet appli-

cations. The term has had many differing uses, however in general it talks of web

platforms with enhanced dynamic utility and often with mechanisms for users to con-

tribute to the content [113]. Some common types Web 2.0 platforms are wikis, folk-

sonomies, mashups, social networking, blogs and platforms used for open source

software development. These are described below, along with some notes on their

relevance to the semantic publishing vision I present in Chapter 3.

Wikis are on-line knowledge repositories that allow open access and editing to a

community of users. Many, such as Wikipedia, are open to anybody. Others, such

as business intranet wikis, may have limited access. Wikis can be powerful because

they draw on the knowledge and expertise of all the users within their community

and help those users to organise content in sensible ways. They rely on the inclination

of users to provide information that is missing and to correct or update information

that they find to be wrong. Users can also “watch” pages, receiving notification of

changes. The phenomenal success of Wikipedia is a tribute to their potential—as of

writing, the English language version of wikipedia has 2,604,656 content pages [155],

Alexa [1] reports that Wikipedia ranks 8th in the world for web traffic, up from 500th in

October 2004. The accuracy of Wikipedia has be favourably compared to Encyclope-

dia Brittanica on scientific subjects [53]. In Section 2.4 we described experiments with
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wiki technologies in science publishing.

Open source software development is another web phenomenon that has achieved

remarkable successes. High profile projects such as the Apache web server (50% of

web sites are hosted on Apache3), Linux operating system (12.7% of web servers4)

and Mozilla Firefox browser (19% of wikipedia visitors5) have seen incredible suc-

cesses. Open source development projects generally use forums and issue tracking

systems such as Trac6 for managing the development process and community discus-

sion. Open source version control systems such as Subversion7, Concurrent Versions

System8 (CVS) and Mercurial9 are also used to enable multiple active development

streams and for coordination of stable software versions. Version control systems such

as these and the experiences of open source projects that have used themwill likely be

important in the management of knowledge bases produced by semantic publishing.

The term blogs is a shortened form of web log. There are many types of blogs [154],

but they all have an author or group of authors (who adds primary content to the

blog on a regular basis if the blog is active) and most have a facility for the public to

attach comments to blog entries. The blog search engine Technorati10 claimed, at the

time of writing, to track 112.8 million blogs, over 250 million pieces of tagged social

media and over 1.6 million posts per day, or over 18 updates a second. Blogs are

impacting science both directly (for example, the RealClimate blog [124]) and through

specialised notebook and journal applications (such as the ORNL Electronic Notebook

Project [52]).

The principles of open discussion and community contribution and review, and

the experiences of applying those principles in wikis and open source projects and

blogs can be used to help guide scientific knowledge management. I will discuss this

further in Section 3.4.6.

Another notable class of Web 2.0 application are folksonomies. Wikipedia gives a

concise definition:

Folksonomy (also known as collaborative tagging, social classification,

social indexing, and social tagging) is the practise and method of collabo-

ratively creating and managing tags to annotate and categorise content11.

Some examples of Web folksonomies are social (Web) bookmarking sites del.ic.us12

3http://news.netcraft.com/archives/web server survey.html
4http://www.linux-watch.com/news/NS5369154346.html
5See the Wikipedia page “Usage share of web browsers”. Other sites report 43% (w3schools.com),

32% (w3counter.com), 17% (thecounter.com) etc. . .
6http://trac.edgewall.org/
7http://subversion.tigris.org
8http://www.nongnu.org/cvs/
9http://www.selenic.com/mercurial/wiki/
10http://technoratimedia.com/about/
11Taken from Wikipedia 29/10/08.
12http://del.ic.us
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and rabble13, product review systems epinions14 and amazon reviews15, and image

indexing in flikr16. Folksonomies, like wikis, utilise the collected knowledge and opin-

ions of a community of individuals.

We shall see in Chapter 3 that semantically published science would be well po-

sitioned to benefit from new web technologies, both those existent today and new

technologies that we have not yet seen.

Mashups are web pages whose content is drawn from diverse sources and services.

Common examples are news digest sites such as GoogleNews and embedded maps

such as can be found on WhatIf.com.

Online social communities such as myspace.com, facebook.com and QQ.com (in

china) have flourished in recent years, with millions of active users. Technologies for

analysing network structues to determine things like trust [59], likely frinedships and

common interest groups have developed in association with this phenomena. These

technologies have interesting implications for science publishing. In Section 3.4 I will

discuss some of their possible applications. There are open source social networking

applications that could be adapted to the needs of science [92].

There are some interesting discussions [45; 117] and application (eg: [105]) of Web

2.0 technologies in an eScience context.

13http://rabble.ca
14http://epinions.com
15http://amazon.com
16http://flikr.com



20 Knowledge Representation, Science and the Web



Chapter 3

A New Vision for Semantic

Scientific Publishing

The basic idea I am proposing is to publish science in a machine readable seman-

tic form. That is, for the primary published product to be a representation of the

knowledge that is being published. A textual representation (as is the current form of

academic publications) would be secondary, and possibly derived from the semantic

representation. This could potentially be transparent to the author—publishing tools

could, for example, present a textual representation to an author1.

This would be a substantial change to the way science is published today, and

many things will have to happen before it can be realised. Such a change cannot be

expected to happen quickly and there are many questions that we must answer be-

fore we embark on that road: What are the potential benefits of semantic publishing?

What are the potential drawbacks? What are the needs of scientists from a publishing

perspective? What are the technical and social barriers that would have to be over-

come?

In this chapter I begin to answer these questions, investigating ways in which se-

mantic publishing could be implemented, proposing the ideas of semantic citations (ci-

tations that accurately track the flow of knowledge, Section 3.2.2), theory provenance (a

record of the development of ideas, Section 3.2.3) and conceptual workflows (compiled

scientific arguments and evidential reasoning tools, Section 3.2.3). I then describe in

more detail how the idea of semantic publishing could relate to the current state of

affairs. I map out key areas of research, development and change that would need to

be addressed for this vision to become a reality.

Though there has been mention of publishing semantics along with the traditional

paper format [30; 29; 32], there has been surprisingly little discussion on this topic in

the scientific literature.

1With current technologies, the author would still need to link the text to digitally represented knowl-
edge and may need to edit represented knowledge to create new concepts to represent his or her ideas.

21
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3.1 The Publishing Needs of Scientists

As noted in Section 1.1, publishing is an important part of the continuing evolution of

science. It allows other scientists to access new ideas to gain new inspirations and to

incorporate these ideas into their research. It provides a forum for scientists to debate

the validity of ideas and to come to eventual consensus. These aspects are the primary

goals of a scientific publishing media.

But what about the needs of the scientists themselves? Anecdotal evidence sug-

gests the following needs:

1. A medium in which to communicate their findings to their peers.

2. To be informed about new research findings, and for this information to be fil-

tered for relevance to their own specific concerns.

3. A body of knowledge from which they can easily extract the leading edge of

reseach in any given field.

4. An objective judgement of the quality and impact of their work and that of oth-

ers.

5. To be able to maintain some level of understanding of advances in areas that

may be distant or remotely connected to their own speciality (this need is not

well met in the current system).

6. To be able to learn about an area different to their own speciality for interdisci-

plinary research.

In Section 2.4 we saw that the current publishing systems satisfy most of these

needs, however some are only partially or unreliably achieved (for example quality

and impact). In the following sections we see that my proposal for a more granular

semantic publishing mechanism has the potential to fulfil these needs far better.

The publishing ethos varies in different fields of science. This could be due to

several factors, some social, some political and some pragmatic. A publishing system

would have to be careful to identify and cater to these differences. Inmany of the ideas

presented in this chapter, care would need to be taken to respect this. Adjustements

and extensions to interfaces and overall system functionality may be needed.

There is another important role for scientific publishing: to inform people outside

of science about relevant scientific advances. Governments need to be informed to

make good policy decisions (for example [73]). Businesses need to understand how

scientific advances can be used in their industry, and how they may effect their busi-

ness in other ways. Educational institutions need to be informed about changes in our

understanding of things, so they can adapt their materials. Another group whose im-

portance has recently been gaining recognition is the general public. Effective science

communication is essential for the continued improvement of society [109].
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3.2 Semantic Publishing

In this section I describe the basic elements of my proposal for semantic publishing.

3.2.1 Representing Scientific Knowledge

At the core of semantic publishing is a machine readable representation of scientific

knowledge. It is with such represented knowledge that we can hope for some of

the benefits outlined below. The difficulties with achieving and then managing rep-

resented scientific knowledge drive the key research directions outlined later in this

chapter.

The representational needs of different scientific fields vary significantly. In some

areas of science, such as psychology, precise measurements are impossible and it is

questionable whether the many concepts under consideration can be given precise

meanings (that is not to say they have no value). In other areas such as genetics and

biochemistry and geology, there is substantial work in identifying and classifying the

elements of complex structures. In many areas such as paleontology and biochem-

istry, the development of new investigative and experimental techniques is especially

important. And so on.

The languages and mechanisms for representing science need to respect the needs

of the areas of science in which they are used. They need to be flexible and extensible

in order to track our changing understanding of the world. And yet they need enough

consistency to allow for continued intelligibility and generic knowledge management

tools. These are non-trivial problems and much work needs to be done. In Section

3.2.4 we will see the beginnings of some answers to these problems.

We saw in Section 2.2 that there are many initiatives to create standard annota-

tions and formats for scientific data. These attempts have been ad-hoc and application

specific, responding to particular needs for interoperability and knowledge manage-

ment in the fields for which they were developed. But they all embody key concepts

and physical entities from their fields and so represent a beginning of the road to full

knowledge representation structures for science. In general however, they are far from

representing scientific knowledge to a depth that would be required for semantic sci-

entific publishing as presented in this thesis. We shall see in the following sections

what extra representational structures would be needed.

3.2.2 Semantic Citation

The current citation techniques are coarse. Without reading the text (a task difficult for

machines and onerous for humans), a citation tells you nothing about which specific

concepts or results from the cited paper are relevant nor which concepts or results they

relate to in the paper you are looking at, and nothing about the relationship between

those concepts or results. Currently, this information can only be obtained by reading

the paper and considering the context in which the citations appear.

With semantically represented scientific knowledge, it would be possible to pro-

vide all that information. A citation could link individual elements of a represented
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publication with individual elements of the cited publication. Also, this citation could

contain information about the nature of the relationship between those elements. For

example, it could indicate that the new element assumes the validity or truth of the

first or conversely that the new element contradicts the first, or it could simply indi-

cate that the new concept is distinct from the first or is a refinement or sub-concept

of the first. One important semantic role is an indication that the cited concept is the

same as the first. An author may not always succeed in locating similar concepts to

those he or she is presenting, and thus would create a new concept entity. Later, some-

onemay realise the connection and add an appropriate citation. Issues of rights to edit

or annotate would need to be addressed. I discuss this and similar issues in Section

3.4.6. I will refer to citations between individual concepts with semantic information

about their relationship as semantic citations (see Figure 3.1).

Existing publications

New Publication

Publications

Concepts

Citations

Figure 3.1: Semantic citations

With such a network of linked publications, the ramifications of a new result that

contradicts some established ides could be easily tracked. It can take some time with

the current system for new results to filter into our education systems and government

or business decision makers. A semantically linked network of publications would
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help to pass new knowledge on to where it is needed in a timely manner.

Imagine a scientist who has a profound idea, but is unable to convince others of its

significance. Later, another scientist with a louder voice in the scientific community

takes this idea and publishes some startling results with it. Likely it is this second

publication that will attract many citations. If semantic citations were employed, the

origin of the idea could be easily identified, and the original inventor of the idea could

be given due praise.

In practical terms, given a format for representing scientific knowledge, semantic

citations are relatively trivial to implement. Analogous to URI’s (Universal Resource

Indicators [150]) and DOI’s (Digital Object Identifiers [36]), elements of represented

knowledge (data, theories, entities etc..) could be given unique identifiers which could

be quoted in the citing document. It would not be difficult to implement a system of

back-referencing also.

A related idea was presented by Carr et. al. in [20]. They present a service that

semantically links documents that contain similar concepts, utilising existing docu-

ment metadata. In essence, they are creating something similar to semantic citations

between existing documents on the web. The approach here is to take existing forms

information and attempt to enrich its semantics. My proposal works in the other di-

rection: it explores how to utilise and organise semantically rich information.

In Section 3.4 we will see some other potential benefits that semantic publications

could bring.

3.2.3 Theory Provenance

A key concept in my proposal is theory provenance. Analogous to data provenace as

developed in many Grid implementations (see Section 2.3.2), theory provenance deals

with the history of the development of a theory or other published result. Figure 3.2.3

depicts the flow of ideas and data as new theories are formulated and tested. As with

data provenance (which exposes experimental and computational techniques), theory

provenance exposes in a declarative way the logic, mathematics, statistics, models,

experimental results etc.. that were used to obtain and justify a result. This entails

three aspects:

theory dependencies: The previously published results on which a new result de-

pends. Dependencies could have different forms. For example, the new result

could depend on a previous one, a previous result could be refuted or simply

be indicated to be different to the new result. Ideally, there would be both stan-

dardisation of dependency types and flexibility for the evolution of new depen-

dencies. These are a subset of the semantic citations.

supporting arguments: A representation of the logical steps that led to the new re-

sult. These steps could reference already published results (both experimental

and theoretical) and link them with new experiments and/or theoretical con-

structs to arrive at new conclusions. The theory dependencies could be discov-

ered by analysing the supporting arguments.
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Figure 3.2: Science Lifecycle

Scientists use a rich set of logical arguments. As discussed later in Chapter 4, a

thorough investigation of the types of arguments would be appropriate before

committing to any particular representational framework. It would also be well

for that framework to be designed with inherent flexibility for future extension.

attribution: Who presented the result and the institutions and funding bodies that

supported the research.

Analogous to Grid workflows, conceptual workflows could be compiled from estab-

lished forms of scientific argument. They could then be referenced when presenting

the supporting arguments for a new result. This would become non-trivial, for exam-

ple when advanced statistical tests are applied to complex data. The established tech-

niques would require data and theory to have specific forms, which could be checked

automatically2, and indicate the underlying assumptions about the ways in which the

data was collected 3. Conceptual workflows could themselves be published, reviewed

2The principle of garbage in, garbage out would still apply of course. However, with carefull prove-
nance initialisation and tracking, conceptual workflows could help prevent the accidental application of
inappropriate techniques.

3The assumptions could, for example, be provided in the form of a checklist for experimental design
that must be completed before the test can be applied.



§3.2 Semantic Publishing 27

and accepted (or not) in a similar way to other published science. As described here,

conceptual workflows are merely packaged scientific arguments with well defined

inputs and outputs. At some future time, these may indeed become workflows for

automated reasoning services. I discuss the possible futures of automated reasoning

in science in Section 3.4.7.

Of the representation languages mentioned in this thesis, perhaps the nearest to

the needs of representing theory provenance is PhysML [68]. PhysML has constructs

for representing observables, experiments and instruments and inherits theorem con-

structs and abstract types from the mathematical representation language OMDoc

[85]. The theorem constructs represent mathematical proofs with references to other

theorems (similar to semantic citations as described in the next section). Other for-

malised languages for mathematics also have this feature (such as [100]).

It is worth noting the compiled libraries of formally represented mathematics and

their attendant theorem provers/checkers such as MIZAR [100] and IsarMathLib [75].

These libraries faithfully represent theory dependencies and supporting arguments,

though to my knowledge they do not record attribution. As such they provide a sub-

stantial step toward theory provenance for science.

3.2.4 Knowledge Bases and Webs of Knowledge

The formalisedmathematics librariesmentioned in the previous section are built “from

the ground up”—they start from fundamental axioms of mathematics, and build ev-

erything from there. For scientific publishing, this level of detail is not necessary in

order to build a useful representation. Accepted fundamental results from science and

mathematics could be treated as axioms. Indeed, we could start with cited results as

our effective axioms for a given publication.

To make sense of this, it is useful to think of the knowledge structures implicit in

these knowledge representation approaches. A publication and its citations is similar

to a theorem in a mathematics library and its dependencies. There are, however, a

few instructive differences. Firstly, an interconnected collection of publications offers

no guarantee of consistency. Secondly, the collection of publications is an inherently

dynamic system and new publications are continually added. Lastly, the collection of

publications could be distributed across the internet, whereas a mathematics library

is usually held in one place, likely within one computer system (though there could

be other copies).

What I am trying to point out here is that a natural medium for scientific pub-

lishing is a distributed web of interconnecting publications, similar in structure to the

World Wide Web. On the other hand, for standardisation and (potentially) automated

reasoning4 a single, consistent knowledge base is needed.

I envisage a combination of the two. The collection of all semantically published

science would have the form of a dynamic and continually growing web of knowl-

edge with semantic citations as the links between knowledge nodes (publications).

This web could be automatically or semi-automatically analysed to produce domain

4See Section 3.4.7
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knowledge bases that represent the current thinking and terminologies of a particular

area5. This task would be substantially simplified with semantic publications. Such

knowledge bases would have a role not unlike review and summary articles, techni-

cal books and textbooks, and would be regularly maintained and updated. As our

knowledge deepens, they would also have a role as accessable repositories of large

and complex collections of factual information. This process of is already underway

with the construction of knowledge bases representing the current state of knowledge

in a particular area, particularly in the biological sciences [38; 69; 19].

The provenance of the theories in such knowledge bases would be maintained.

Newly published knowledge could reference such knowledge bases in preference to

original publications (knowledge provenance ensuring that the original sources of

ideas are not forgotten). Further structures and refinements to this framework would

likely be made—for example, layered knowledge bases with differing levels of ab-

straction and detail (similar to undergraduate texts vs. technical publications—see

Section 3.4.4).

How to build such knowledge bases and other questions surrounding the man-

agement of evolving knowledge are open research questions. Research around the

concept of knowledge grids is looking into these and related problems [160].

3.2.5 Publishing Tools

In Section 2.5 we discussed the emergence of semantic annotations in common docu-

ment editing tools as well as sophisticated DITA XML editing tools that enable links

to repositories of reusable XML segments. We also saw a “living book” [11] that was

able to adapt its content to the needs of a particular user. These all represent aspects

of the sort of editing tools semantic publishing would require.

Tools for semantic annotation could generate semantic representations of docu-

ments. Many also support ontology additions and maintenance: this would be nec-

essary for scientific publishing, as scientific publications often contain new concepts

(not always—for example, research summaries or newmeasurements of known quan-

tities). These tools in their current form are not ideal for semantic publishing however;

the focus of semantic publishing is on the semantic content, text or graphical represen-

tations would be secondary. These tools work in the opposite direction: Semantic

markup is added to text, and does not need to reflect the full semantic content. As a

bridging mechanism, they are, however, valuable.

These tools are in their infancy. Their interfaces are cumbersome and people are

not accustomed to the idea of authoring from or with semantically represented con-

tent. These factors represent a barrier to the semantic publishing vision. I will discuss

them in greated detail in Section 3.6.2.

As with any publishing medium, you would expect to find many publishing tools

appearing. It would be wise to cater for diverse publishing tools tailored to differ-

ent personalities and cognitive approaches and personal histories [50]. For example,

some people may find a spacial/graphical approach more intuitive and others more

5Measures of verity and consensus would be needed for this—see secion 3.4.6
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comfortable with words. Younger generations may prefer radically new techniques,

while those already used to an older systemmay see no reason to change. One advan-

tage to a semantic publishing approach is that it would be agnostic to the preferred

tool of a given user, so long as it conforms to an underlying knowledge representation

standard.

An interesting project launched in September this year intends to build a math-

ematical wiki that uses theorem provers to vet the correctness of submitted proofs

[48]. Another proposed mathematical wiki is presented in [86]. These wikis will be

semantic publishing platforms for mathematics.

3.3 Integration with Existing Infrastructure

In this section, I discuss different elements of the current eScience and scientific pub-

lishing infrastructure and how semantic publishing could be integrated.

3.3.1 Linking to Existing Knowledge

Currently, conceptual scientific knowledge is contained in a collection of text books,

technical references and a substantial corpora of published scientific articles. For ef-

fective theory provenance, semantically published results would need to be able to

cite ’on-paper’ published results. There are two possibilities for implementing these

citations.

A pragmatic and immediately implementable approach would be for semantic

citations to simply indicate the paper or other work which contains the cited ideas.

Such citations would be semantic—they would indicate the nature of each citation

(extends, contradicts, etc. . . ). They could also contain more precise information about

where the cited concept can be found in the cited publication.

It would be possible to begin semantically publishing immediately with such cita-

tions. There are, however, many concepts in each field of science that are considered

fundamental and are not referenced. Also, it would be good to identify unique sources

of important concepts. To ensure consistency within each field, knowledge bases re-

flecting the current consensus on fundamental concepts would need to be built. These

would essentially kick-start the web of semantically represented knowledge.

A possible future approach to integrating existing literature with a semantically

published body of knowledge may become available if research in natural language

processing and/or data mining enables automatic and detailed semantic representa-

tion of text. In this case, ’on-paper’ works could be automatically represented and

made available for true semantic citation.

3.3.2 Science Publishing Infrastructure

The current science publishing network is essentially identical to the web structure

described in Section 3.2.4. Citations (though not semantic) link collections of ideas (ie:

papers) forming a web or tree-like structure.
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In the first instance, this infrastructure may not need to change beyond adopting

knowledge representation and management technologies to adopt a semantic pub-

lishing system. However, in order for the scientific community to get full benefit from

semantic publishing, access to the complete web of semantic information would be

needed. Without this, theory provenance would not be practicable.

One possibility would be for the semantic information to be freely accessible, but

for the detailed human readable forms to require subscription, as is the case with

abstracts and bibliographies vs full text in today’s paid subscription journals. The

semantic content essentially carries the ideas present in the publication, far more in-

formation than the citations and abstracts of current publications—there would be less

motivation for users to pay for the better representation. The knowledge representa-

tion strategy could be designed to be difficult to interpret without the associated tex-

tual forms, however this contradicts the whole purpose of semantic representation—

to give computers access to the full semantic content. If computers are able to ac-

cess that content, they will also be able to translate it into a form people can readily

understand. Restricting that access would detrimentally effect the benefits semantic

publishing can bring.

In Section 2.4 we saw that the scientific publishing industry is undergoing self-

examination, with wide debates about open access and peer review and many new

and experimental publishing systems. Perhaps these movements could result in a

more open philosophy of scientific knowledge access.

In order to effectively support aggregated knowledge bases as described in Section

3.2.4, new standards for knowledge exchange and trust would need to be devised. The

standards under development in the Grid community would likely be good starting

places for the development of such standards.

Many of the possible advantages outlined in Section 3.4 would involve more rad-

ical changes to the publishing infrastructure. I will describe these in the relevant sec-

tions.

3.3.3 Semantic Publishing Into and From the Grid

In Section 2.3 we saw that semantic grid infrastructure is having an increasingly im-

portant role in modern science. Grid technologies provide federated resources, so-

phisticated access control measures, automated data processing workflows and col-

laborative tools for scientists.

The relationship between semantic publishing and grid technologies will likely

be highly integrated. Grids provide data provenance information that would be in-

cluded as evidence for published ideas and they provide the infrastructure within

which much of the publishing will likely take place. Published ideas, on the other

hand, provide the grid with extra information about the resources it manages - in-

formation linking data to the theory/theories is supports.If the grid were used to

store and/or manage the published ideas, grid services such as virtualisation would

greatly enhance the utility and accessability of published knowledge, resulting in a

true knowledge grid.



§3.4 Potential Benefits - Answering Scientists Needs 31

As we saw in figure 1.1, scientific knowledge and data are intimately connected

throughout the process of science. There is a relationship between the ontologies used

to organise data on semantic grid’s and the represented knowledge in semantically

published results.

Obviously, the data referenced in a publication may reside on a semantic grid. The

semantic tags used in the grid to describe that data represent concepts that scientists

use to understand what the data is about. These tags could naturally include elements

of the data’s provenance—which experiments and algorithms were done by who and

where.

But there is more: Once the data has been recognised as an example of or evidence

for some phenomenon, it could have a tag relating to that phenomenon. Such tags

effectively indicate that the data is relevant to some scientific theory.

When new theories/phenomena/entities are discovered by scientists, they would

desire tags on the data representing those new concepts. Now we begin to see the

link to semantically published results—the new concepts in a published result need to

be attached to the relevant data. In a semantic grid, it would be natural to do this with

semantic tags in the grid’s ontology. In other words, the grid’s ontology should accept

newly published concepts as possible semantic tags. In practise, new concepts will

likely be added to the grid ontology first—the research that scientists do before they

publish creates the new ideas, and the grid would be the workspace for this research.

To represent science, representation of mathematical relations is important. We

saw in Section 2.1.3 that description logic ontologies such as those used in semantic

grid’s cannot properly represent mathematical relationships. This does not prevent

them from representingmathematically related concepts—the offending relationships

could simply be left out. Grid ontologies are used to organise grid resources. Though

representing mathematical relationships would add to their utility, ontologies built by

omitting these relationships would still provide useful organisational principles for

the data and resources on the Grid. For example, in order to search the grid for data,

services or apparatus that relate in some way to a given theory, the grid middleware

does not need to know the mathematical relationships embodied by that theory.

This does, however, raise an interesting point: We may want our represented

knowledge to be used in different systems with differing levels of expressiveness.

An initial approach is for the more expressive features to simply be invisible to the

simpler systems, as described above. Can we do better? Perhaps there are approxi-

mations or simplifications of the expressive features that could be used in the simpler

system? Such questions form interesting directions for future research.

3.4 Potential Benefits - Answering Scientists Needs

In Section 3.2 I talked about some immediate potential benefits of semantic publishing.

In this section I elaborate on some of the advantages that could lead from widespread

adoption of semantic publishing combined with other technologies.

With the possible exception of automated reasoning on scientific knowledge, all
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of the ideas here can be implemented using existing technologies. These ideas are, in

fact, adaptations of techniques that are currently in use, often in large scale applica-

tions.

3.4.1 Implicit and Explicit Verification

The availability of theory provenance and conceptual workflows could have two ben-

eficial effects. Firstly, implicit in the application of sophisticated techniques to analyse

data, the referenced template for that technique would remind scientists of the re-

quirements of the technique. In this way, for example, we may see fewer errors due to

the incorrect application of statistical tools.

Secondly, the arguments presented would be explicitly stated and easily accessible

to someone scrutinising the publication. With standardised formats, flaws in the logic

or incorrect application of analytical tools could be easier to recognise.

3.4.2 Propogation of Refutation

Sometimes in science, a long established result is later refuted. In such cases, that

refutation may take some time to become widely known, especially to people outside

the specific area of research where it lies, as existing scientific literature that builds on

the refuted result remains indistinguishable from other research that is still considered

valid. This can especially problemantic with high level summaries and educational

material for schools.

With effective theory provenance, the consequences of changes in our understand-

ing of the world can be readily propogated to all digitally published knowledge that

relates to the changed knowledge. This connection to the undelying knowledgewould

also aid in propogating new knowledge to higher level materials, for example, out-

dated ideas in school teaching materials would be flagged, and could be more readily

updated.

3.4.3 Exposure of Knowledge to Semantic Search

The current document format for science publishing does not lend itself to effective

searches. This is improving as text mining and automated recognition of semantic

content improves [69], however it is still primitive.

Semantically published knowledge on the other hand would be searchable by

specifying individual concepts or expressions containing concepts. This could be

achieved, for example, with current description logic reasoners 6.

A poignant example of the utility of conceptual searches is a review by Naomi

Oreskes of 928 peer reviewed papers to determine the level of scientific consensus

on the issue of anthropogenic climate change [114]. Oreskes read the abstracts of all

the papers, a time consuming, laborious and error prone process. If these papers had

been semantically published, the task would have been almost trivial. I should note,

6Assuming the knowledge can be assimilated and translated into an appropriate DL knowledge base.
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however, that the efficacy of semantic publishing relies on the accuracy of the semantic

representations.

3.4.4 Layers of Information

To accommodate different information needs of scientists (such as points 1, 5 and 6

in Section 3.1) it would be advantageous to enable views of published work with dif-

fering levels of detail and with differing assumed knowledge—layers of information

(Figure 3.3). Higher level synopsis views could be used by non-scientists in govern-

ment, business or just through general interest.

Of course, these views would need to be authored by someone. If the knowl-

edge base into which ideas are published were a kind of wiki system, with (appro-

priately managed) scope for viewers to leave comments or edit different aspects of

published material, interested or professional viewers could create extra knowledge

layers. Wikipedia is a an fine example of this process with open editing rights—with

semantic publishing, the full provenance (theory and data) could be referenced in

the articles, thus enriching the content.o improve fidelity.As with Wikipedia, there

is a danger that the information added may not faithfully represent the underlying

knowledge. The presence of full provenance would be an aid to ensuring the correct-

ness of information. Trust and verity systems as discussed in Section 3.4.6 could also

be used manage informatino reliability and/or editing rights.

The higer level summaries would be overviews with varying authorship and pre-

senting different levels of detail for those less expert or less interested in the details.

Review articles and wikipedia pages, the IPCC [73] and government or industry re-

ports are current examples.

Each layer is linked to the layer above it, thus exposing the full provenance (data

and theory) of the ideas presented in each layer. For example, if I were reading a

summary of an area of research, and want to know what argument was presented for

a given theory when it was published, and a history of debate and new results that

affect it, I can find them.

The layers described below and in Figure 3.3 are divided into two groups. The

knowledge representation (KR) layers contain represented, machine readable knowl-

edge. Evidence has been included in this list. It would typically consist of experi-

mental data and other observations, appropriately tagged. It is not, strictly speaking,

machine readable represented knowledge, however it fits in with this group as it is

generally not human readable.

Knowledge representation layers machine readable knowledge

• Concept layer - representation of domain concepts

• Theory.layer - representation of theories as relationships between concepts

• Evidence layers - observational data and its provenance

• Justification layer - representations of structured arguments using explicitly

stated argumentative steps
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Textual layers human readable descriptions

• Publication layer - a textual view of the justification layer. This is a presen-

tation for experts, and would have a similar appearance to publications of

today.

• Summary layers - summaries of key concepts, starting with abstracts, then

summaries of small branches of research, then higer level summaries and so

on.

Figure 3.3: Layers of Information
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3.4.5 Views and User Interfaces

In Section 3.2.5 we noted that a variety of publishing tools should be available that

cater to the individual needs of users. This is also true of user interfaces in general.

Different user interfaces could be created for viewing/editing the information. Some

possible examples using current technologies could be:

• A graphical view of the represented knowledge and relationships, perhaps sim-

ilar to the ontology editor Protege [121].

• Text-focused views, similar to pdf or html pages.

• Hybrid or XML views similar to semantic annotation tools presented in Section

2.5.

• Views for differing levels of familiarity with the area of research.

• RSS or email alerts - individuals could choose the what areas of research interest

them, setting thresholds for verity, significance and relevance and trust and the

level of detail retrieved from each area. Trust and significance measures are

important here! (see Section 3.4.6).

In Section 3.2.5 we noted that as semantic knowledge management technologies

mature and gain acceptance there will likely be new and innovative ways of interact-

ing with semantically represented information. Semantically published knowledge is

(at least in principle) agnostic to its presentation, allowing such new ideas to be easily

integrated with existing systems and bodies of knowledge. This would also lend to

the potential for automated translation into and from many languages.

Baumgartner et. al. have implemented a system for personalised views of math-

ematics textbooks that adapt to knowledge you are presumed to already know, pre-

senting only things that are new to you in a given course [11]. This idea applied to

views of published science could supply richly dynamic interfaces tailored to a users

perspective and preferences. This would be like a scientific version of Google News,

but much more powerful.

3.4.6 Trust/Verity Management

Measures of trust (the credulity of a source) and verity (the degree to which we should

believe a piece of information) are important in scientific publishing. Measures of

journal impact factors and editorial and peer review provide this information in the

current publishing system. In Section 2.4 we saw that there is concern in the scientific

community about the efficacy of the current system. In Section 3.4.5 we saw that an

important application of measures of trust and verity is filtering the available infor-

mation.

There have been some interesting suggestions for improving the current peer and

editorial reveiw system. Rodriguez et al utilised social networking technologies to

choose relevant reviewers [125]. De la Rosa and Szymansk suggested a system of



36 A New Vision for Semantic Scientific Publishing

citation dollars that are earned by people citing your publications, and spent when

you publish. High impact journals would cost more, and there would be a mechanism

for ’lending’ your citation dollars [28].

An alternative mechanism to peer and editorial review for achieving measures of

trust and verity is through community or public discussion (and dispute!) of pub-

lished claims and through community ranking (folksonomy). In Section 2.6 we saw

successful social phenomena like Wikipedia and online folksonomies. Their experi-

ences could help guide effective implementation of similar techniques in science pub-

lishing. For example, Wikipedia has implemented a system for automatic detection of

conflict [84] utilising machine learning techniques. A related example is the introduc-

tion of an endorsement system by the pre-print archive ArXiv [5]—articles can only be

submitted with endorsement by an author who already has an article in the archive7.

The ability for users to edit the semantic content, with appropriate version track-

ing and constraints, may also be of value. For example, a missing citation may need

to be added, or concepts merged (after consensus between authors). Trust manage-

ment approaches using social networks could help to measure the quality of these

comments and rankings [59] and enable the calculation of trust and verity measures

for published materials.

A folksonomy approach would allow for sliding scales of verity and trust. This

would have many advantages. It would be possible, for example, for junior scientists

to publish unusual ideas in an unobtrusive way (as low verity scores would hide them

form most scientists) whilst allowing interested individuals to assess their value and

quality 8.

A possible enhancement to such a system that is worth considering is a system

of weighted voting. Based on publishing and other history, the system could make

an assessment of a scientists level of expert authority in a particular area, as well as a

measure of trust, and use this to weight that scientists ranking of a published element.

This would, of course, be highly contraversial, and great care would need to be taken

to find a balance between authoritarianism and effectiveness, perhaps leaning toward

less authority!

In a semantic publishing paradigm, current techniques used for analysis of citation

graphs, with some adaptation to interpret semantic citations, could also be applied to

citation graphs from semantically published knowledge. The resultant significance

measures would, however, have a deeper meaning, and would in a sense be more

accurate. The original inventor of an important idea would be more likely to receive

due recognition9.

A semantic publishing system would allow scientists to publish much smaller

pieces of knowledge, or publish thier larger findings progressively. “Salami publish-

7ArXiv does no peer review
8this is similar to the pre-print archives of today, however, published results would automatically be-

come visible to a wider audience if they attract good verity, significance and interest scores—see Section
3.4.6.

9There is still a chance that a connection to the first appearance of an idea may be missed, however,
the author would have the opportunity to remedy the situation.
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ing”, publishing findings in many papers, each with little new content, is a technique

that has received criticism as an attempt to maximise publication count and improve

job success in the current pardigm. In a semantic publishing paradigm, this effect

could be mitigated with sophisticated measures of significance. Scientists would have

a motivation to publish their ideas quickly in order to publish before others who may

have the same idea 10. This would improve the speed with which ideas are circulated

and have a beneficial effect on the advancement of science. On the other hand, with

the ability to publish ideas quickly and before substantial review, they may be less

inclined to hold their ideas back until they are highly developed 11.

In the current system, peer review, citation count and the impact of the journal

in which an article is published are the available measures of verity and trust. In a

semantic publishing paradigm with folksonomy like assessment of published work,

these factors would be greatly improved and extra measures would be available. Ci-

tation analysis would have greater accuracy due to the greater accuracy of semantic

citations and the possibility of tracking ideas through the network of published ma-

terial 12. Journals could, for example, take on the role of filtering published science,

essentially providing a trust, verity and relevance service. With improved citation

analysis, measurements of impact factor would also be improved. The concept of a

deconstructed journal presented by Smith [135] is similar to this idea.

Great care needs to be taken in designing systems for verity and trust manage-

ment. The measures obtained can have a significant effect on the lives of scientists and

funding for scientific institutions and projects. Ineffective or biased measures curb the

effectiveness of scientific research, rewarding some who contribute little while pun-

ishing others who would contribute greatly, given the opportunity. In depth studies

of social structures, similar experiences perhaps from open source, trial and error ex-

perience from existing experimental publishing efforts are appropriate.

3.4.7 Automated Reasoning and Scientific Knowledge

In Section 2.2.2 we saw that mathematics is fundamental to science and that current

automated reasoning systems are weakwhen it comes to reasoning onmathematically

formulated knowledge. There will allways be queries in such a system for which the

reasoner will keep looking for an answer forever in vain.

If a reasoning system were available that could reason on mathematical relation-

ships, it could provide a number of useful services. Checking the consistency of the

knowledge base is perhaps the most fundamental - users could be alerted when a

newly found result contradicts some existing theory or combination of theories. For

example, we would like the system to ensure that the force on an object is equal to its

10This is, of course, true in the current system as well, however with the possibility of smaller pub-
lished elements its effect is multiplied.

11This is also true currently, with pre-print archives, however, again, the smaller published elements
would magnify the effect.

12Currently, if you publish a great idea, then someone else publishes a famous paper based on your
idea, you get no credit for citations of the famous paper. With semantic citations, the origin of the idea is
not lost.
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mass multiplied by its acceleration (newtons second law) and inform us if some data

was added for which this wasn’t true.

Another potential service a reasoning system could provide is discovering new

theories that are implied by the existing body of scientific knowledge, but as yet not

recognised. There is current research into automated theory formation inmathematics

that shows promise for the development of such a system [26].

One service that can be automated, however, is checking the correctness of proofs.

If a theoretical derivation of a new theory exists, that derivation can be automatically

checked for correctness. Assuming the consistency of the theorems that are called

upon in the derivation, the a new theory with a valid derivation will not break the

consistency of the body of knowledge. There are several mathematical representation

languages and attendant theorem provers that would be up to this task, for example

MIZAR [100] and Isabelle [74]. TPS [2], a semi-automatic proof writing assistant is

also interesting in this context.

3.5 Other Areas of Application

Though the focus of these discussions has been on scientific publishing, many of the

conclusions and considerations would apply equally well in other publishing settings

where a collection of knowledge is used and maintained by a community.

Some obvious examples where semantic publishing could be beneficial are:

• business and administrative processes

• engineering processes

• community interest groups

• educational tools - semantic wikis and KB interfaces for learning

• maintenance of ontologies in semantic grids

• evidence-based public policy formation

There are no doubt many other application areas and will likely be many more in

the future - The flow of knowledge is an important part of a functioning society [160].

3.6 Potential Barriers

There are many barriers to the potential widespread adoption of semantic publishing

in science. It is likely that we may see several generations pass before it happens, and

also possible that other technologies and ideas appear that will make the vision of

semantic publishing obsolete. For example, natural language processing and knowl-

edge tracking techniques may improve to the extent that semantic publishing is not

necessary. None the less, our need to better organise our knowledge is great, and we
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will very likely see substantial changes and advances in the way we do that, in science

and in general.

In this section, I describe some of the barriers that may block the birth or spread

of semantic publishing. I do not claim to have predicted all the factors that may act

against semantic publishing, but I have identified some significant issues.

Arguably, it is the social barriers that will be the most difficult to overcome.

3.6.1 Cultural Momentum: Why Change the Way we Publish?

The world is full of great ideas that promised better results than some existing system,

but which never came to fruition. A good idea is not the only requirement for cultural

change (indeed, it is not even a necessary requirement!). People who have an effective

(if not efficient) way of fulfilling a need are wary of changing it. People under time

pressures are reluctant to invest time in new ways of doing things, even if there is a

promise of more efficient use of time as a result. It is likely that scientists will not be

interested in quickly changing the way in which they publish their work. Their focus

is on the research, and learning a new way of publishing will generally not be a high

priority.

To overcome this resistance, systems should be designed to be easily operable,

ideally with some degree of backward compatibility so that known publishing skills

can still be applied, as discussed in Section 3.2.5. Semantic publishing tools are needed

that are intuitive for scientists to use and which make it easy to locate and insert the

appropriate citations.

Though it may be difficult to ask the current generation of scientists to change their

ways, perhaps future generations will find such publishing techniques more familiar.

The youth of today (at least in the developed countries) have been described as “dig-

ital natives”. Many young people in China are active internet and social networking

users [70]. These young people are already creating digital content in new and inno-

vative ways—sms messages, social networking, folksonomies and web 2.0 mashups.

They are inventing new ways to interact with and over the Web. I feel that it is likely

that they will embrace and extend knowledge technologies, perceiving and pursuing

the advantages of greater knowledge availability as has happened with the advent of

the World Wide Web. Research into this aspect of the evolution of our cultures and

into the tools that are generated by it would be relevant to semantic publishing.

3.6.2 Cultural Adaptation: Learning new Tools

In the previous section I talked about resistance to change. Another related barrier

to the adoption of a new system is the investment required for a community of users

to adapt to it. Here I mean adaptation in a pragmatic sense: individuals learning

new cognitive models and system interfaces, and communities developing new social

norms. This is related to resistance to change, systems that are difficult to adapt to

will be resisted more, but not the same. Resistance may be overcome, but the learning

curve for a new system will remain!
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In the case of semantic publishing, we might expect substantial difficulty for indi-

viduals to learn new conceptualisations of the authoring process and new interfaces.

As noted above, carefully and intelligently designed interfaces and processes could

reduce the difficulty.

Social changes related to semantic publishing are perhaps harder to predict. We

might expect, however, that these changes would not be trivial. Publishing is an inte-

gral part of the scientific community, driving social institutions such as standing, pres-

tige and wages. Some investigation of the social evolution of science and the potential

impacts of semantic publishing could aid us in understanding the social barriers to its

adoption and guide us in desiging semantic publishing systems.

3.6.3 Semantic Markup is Hard Work

We saw in Section 2.3.2 that alongside the development of Semantic Grids for eScience,

newweb or Grid based collaborative tools for science are being created. Many of these

tools collect and organise provenance data from the collaborative process. This data

represents the development of ideas by the team and is organised according to con-

ceptual aspects of the project. It would be a small step for these annotations to be

represented in semantic publishing form, and as such they would become the seman-

tic pieces of the final published result. In this way, publishing would be a process

of gathering and organising and connecting the already developed pieces, thus much

reducing the task of semantic markup that plagues Semantic Web initiatives.

A recent paper in Nature talked about the need for biological scientists to learn to

use modern knowledge management tools:

In order to become active and effective contributors to the cyberinfrastruc-

ture, biological researchers will need to become familiar with the basics of

computer science, learn to use ontologies to describe their data and proto-

cols unambiguously, and have the skills to put this information in a form

that can be readily adapted and reused by others in the community. [138]

This would hold true for any branch of science in which Grid technologies are

becoming widely used, a list that is and will likely continue to grow into the future.

Other interesting avenues for the creation of represented knowledge are data min-

ing and natural language processing. Recent research in this area is promising. For

example Shaparenko and Joachims [130] have been able to track the flow and of ideas

in collections of documents containing text. Encouragingly, their work was able to

reassemble citation graphs in corpora of scientific publications with high accuracy.

Another notable example is the work of Hu et.al. [69], who have developed an effec-

tive tool for extracting knowledge from large corpora of scientific publications. Other

natural language processing initiatives in science with differeing degrees of success

include [116; 107; 144].

Though currently unable to provide rich semantic interpretation of written docu-

ments, there is hope that in time these and related fields will be able to provide tools

that will ’understand’ natural language texts (in the sense of automatically generating
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a faithful semantic representation). This would allow scientists used to current au-

thoring media to publish semantically with little extra effort. In the words of Carole

Golbe: “Machines will be reading the library” [58]

3.6.4 Early Adopters

It is worth thinking about adoption paths - who will be inclined to adopt a new tech-

nology before it is widely used? Can the technology be built in stages, each of which

may be more easily adopted and lead on to the next?

We have seen that there will be some areas of science that are already embracing

sophisticated knowledge management technologies and/or published data prove-

nance. Scientists in these areas will have less work to adopt a semantic publishing

approach, and will be more familiar with knowledge management tools in general.

A few potential early adopters could be:

• Users of bioinformatics technologies. Tools based on knowledge representation

and automated reasoning are in use in bioinformatics. Familiarity with the use

of semantic tools may make these researchers amenable to semantic publishing

as an effective means of maintaining the currency of the tools.

• Data intensive research areas such as plasma and particle physics, quantum

chromodynamics and climate science. Semantic grid technologies are being de-

ployed in many such areas. In these areas, many of the published results are

found by post-processing experimental or simulation data [51]. In a semantic

grid, it is advantageous for these results to be incorporated into the grid on-

tologies. This would provide a base infrastructure for semantic publishing and

provide a sensible mechanism for maintaining the grid’s semantic structures.

• There are some recently initiated projects to create “mathematical wikis” draw-

ing upon knowledge representation standards and initiatives in mathematics

[86; 48]. These embody many of the potential benefits of semantic publishing

described above. If such efforts succeed to represent mathematics on a large

scale, they could become a platform for semantic publishing in mathematics

and lead to similar platforms in other sciences. This is, however, unlikely in the

short term.

• There has been some work in education to provide relevant syllabuses and con-

tent to students given their learning goals and prior knowledge [15; 11; 37].

Such systems could be relatively easily extended to include a semantic publish-

ing element for course maintenance and as a collaborative educational tool for

students. This second use is important, as students represent the next gener-

ation of scientists - experience with new and effective technologies will make

themmore inclined to support their deployment later in their professional lives.

A more thorough investigation of incremental development paths and possible

early adopters would be beneficial.
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3.6.5 Technical Barriers

Though much of the technology needed to implement semantic publishing exists,

there are many research questions that will need to be answered before semantic pub-

lishing can become a reality. I will summarise the research directions identified in this

thesis in detail in Chapter 6—among these are the technical barriers to realisation of

my semantic publishing vision. Suffice to say that the main areas in which techni-

cal development is needed before semantic publishing can become a reality concern

knowledge representation schemas and systems for science, semantic publishing tools

and initial reference knowledge bases.



Chapter 4

A Framework for Evidential

Reasoning

In this chapter I investigate some initial formalisms that would be fundamental to

representing scientific reasoning and knowledge. Please note that these are but small

steps toward a large goal. A proper investigation should delve deeply into the nature

of scientific reasoning and into techniques and formalisms for knowledge represen-

tation before presenting a framework for representing science. Such a study, even of

a very preliminary nature, would require significantly more effort than the scope of

this thesis permits. It is my hope, however, that the ideas presented here could form

a part of such a study in the future.

I present a framework for evidential reasoning. It would bewell to consider frame-

works for representing scientific knowledge in general, however that also falls beyond

the scope of the current investigation. Mention of some current attempts has been

made in Section 2.2, and Section 3.2.1 has a short discussion of some issues facing

their development.

Fundamental to the scientific method is the development of theories about phe-

nomena from which predictions can be made, and subsequent development of re-

peatable experiments whose results match those predictions. Scientific publications

often contain these elements. I present here an abstract framework that captures this

process while making few assumptions about how that knowledge is represented.

4.1 Fundamental Concepts and Definitions

Science is, at its deepest level, an attempt to apprehend the nature of the world in

which we live. Acknowledging that individual perception is imperfect, science at-

tempts to achieve objectivity through repeatable experiments and observations. In ap-

prehending the nature of the world, science attempts to understand the processes in

the world. It attempts to categorise the things in the world and determine relationships

between them 1.

1Ontology (on the nature of things) and epistemology (on the nature of knowledge) examine these
concepts in greater detail. I will not delve more deeply into these topics here.

43
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Figure 4.1: Evidential reasoning

From this perception of the nature of science, I propose the following basic con-

ceptual framework for representing scientific arguments based on evidence. I do not

claim that this framework is exhaustive—that it is effective for representing any argu-

ment presented by science. For example, the classification of rocks in geology could

conceivably be moulded to this framework, but it would not be a particularly natural

fit. Also, theoretical arguments are not covered here.

A Hypothesis is a rule connecting and constraining measurable quantities or observ-

able qualities that can be seen in the world. A hypothesis operates on a concep-

tual level. It attempts to capture processes and relationships between the things

we can observe. A theory will generally start life as a hypothesis. By repeated

application of evidential arguments, it will attain greater certainty and we may

start to refer to it as a theory (or it may be disproved!).

Observations are quantities or qualities that we can measure or observe in the world.

They are concrete conceptualisations of things we believe to exist or have existed

in the world. They are the results of experiments. Theymay be divided into initial

conditions and outcomes (see Figure 4.1), though this will not allways be the case.

Observations will generally carry some level of uncertainty.

An Experiment is a recipe for measuring or observing the aspects of the world. An

experiment will often involve an apparatus (with appropriate instructions on

how to build it). It should be consistently repeatable, producing the same obser-

vations each time2. It should be designed to contradict the hypothesis as much

as possible if the argument is to be strong.

I am using experiment here in a fairly broad sense, including mundane activi-

ties such as taking measurements or reporting the colour of a rock. The essence

2We will see in Section 4.2.3 that repeatability is not allways possible.
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here is the capture the connection between the objective world and our under-

standing of it, the process through which our understanding is molded by the

world.

AModel of a hypothesis makes predictions about the outcomes of an experiment. It is

through models that the other half of the dialogue with the world takes place—

we say to the world “ah! I think I understand! Is it like this?” and through our

experiments, we receive a reply. A model will often use sophisticated (perhaps

numerical) techniques to make predictions—these techniques should be well

tested and thouroughly understood.

A Prediction is the product of a model. It will generally carry some sense of impre-

cision, either through imprecise numerical techniques and/or imprecisely mea-

sured initial conditions from which the prediction was made.

There are situations in which predictions may not be made per se. For example,

An Equivalence Relation is a process for determining whether a prediction from a

model is acceptably similar to an observation from an experiment. The notion

of acceptability is highly subjective—the intention here is to capture the accepted

standards within a field. It is envisaged that equivalence relations will be pub-

lishable entities in their own right. Since we believe our observations are never

perfect, an equivalence relation will allways be imprecise. For example, statis-

tical tests may give us a p-value (a probability that equivalence is not met) or

measurements may be equivalent within some margin of error.

An Evidential Argument links these parts together. It is a hypothesis, a model of

the hypothesis and matching experiment, the predictions of the model and the

observations of the experiment, and the assessment of an equivalence relation

about the similarity between the predictions and observations.

You may notice that this framework does not include the things in the world that we

think have some objective existence. Things like trees, clouds and atoms. These things

are fundamental to our scientific knowledge, however I claim that they are not neces-

sarily fundamental to evidential reasoning. It is in our formulation of hypotheses, by

theoretical derivation or otherwise, and in experimental design that we think about

the things in the world. Evidential reasoning as presented here comes after that.

This framework attempts to capture essential conceptual components of the way

we link our conceptual understanding of the world (our hypotheses and theories)

with our observations, and the techniques we use to make that connection. The terms

I have used to label those components have many uses in and out of science. In some

areas of discussion, the terms may have uses that are quite different to the way they

are used here. We will see such differences in some of the examples described in the

following sections.

Each of these features would be represented as concepts or their instances. The

representations would have attendant provenance information. There would also be
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other attached information such as semantic citations and textual descriptions (per-

haps in several languages).

In the following sections, I will use examples to illustrate the way this framework

could be applied and begin to examine in more depth the sorts of information that

would be stored in their representations.

4.2 Illustrative Examples

This section contains illustrative examples of how the proposed framework for evi-

dential reasoning could be applied. These examples show the flexibility and broad

applicability of the proposed framework. They also show that modelling scientific

arguments is complex and requires a flexible approach to its implementation.

4.2.1 Newton’s Second Law

To illustrate the conceptual framework above, let us consider a hypothetical experi-

ment to test Newton’s second law of classical mechanics. Our experimental aparatus

consists of a wheeled trolley on a flat table, a pulley on the edge of the table, a light

and inelastic thread tied to the trolley and running over the pulley, and three weights

that can be either tied to the other end of the thread or placed on the trolley. There is

a mechanism to hold the trolley in one place, and release it as required. We also have

an accurate acceleration measuring device. In the experiment, we will try two two

combinations: weights 1 and 2 on the trolley and weight 3 the end of the string and

then move weight 1 from the trolley to the end of the string. For each combination,

we will measure the trolleys acceleration when we release it. All these components

are tested to ascertain if factors such as friction in wheels and the pulley, vibrations

caused by the release mechanism, the flatness of the table etc... and we are convinced

that there is not observable bias. Our accelerometer is from a trusted manufacturor of

scientific equipment, and has their stamp indicating recent calibration.

In this simple experiment, the elements of the evidential reasoning framework are

easy to identify:

Hypothesis: Newton’s second law F = ma will govern the behaviour of the weights

and trolley. Its representation would have a formal representation of F = ma

linked to the concepts of force, mass and acceleration. It would reference the evi-

dential argument as evidence. Since this is a fundamental law, its theory prove-

nance could be quite simple: Issac Newton would be indicated as the author.

Perhaps a derivation from general relativity may have been added, given appro-

priate assumptions about speeds, masses and distances given which Newton’s

second law is a valid approximation.

Model: We expect that the acceleration will vary proportionally to the weight on the

thread. The representation of the model in this case could be a short program

in python that accepts two numbers tagged as a masses 1 and 3, then outputs
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a number tagged “ratio of accelerations”. All these numbers would have er-

ror margins. This number would be calculated as m3/(m1 + m3). We would

calculate this using a (trusted) package that propogates error margins is simple

arithmetic calculations.

Experiment: The representation of the experiment would contain a detailed descrip-

tion of the experimental setup and steps taken to ensure there is on bias. Since

this is a common high school experiment, perhaps many of the details may al-

ready have been partially encoded in an online physics text. We could refer to

this and fill in any placeholders and with details specific to our setup.

Observations: We observe four numbers, each with an indication of margins of error:

the mass of weights 1 and 3, and two acceleration readings. The representation

of the observation would contain the masses of weights 1 and 3 and the ratio of

the two acceleration readings. These values would be tagged as masses 1 and 3,

and “ratio of accelerations” respectively, and would be associated with appro-

priate margin of error values (also represented). The provenance information

would contain our names (or perhaps open Id’s), the date we did the experi-

ment, a reference to the representation of the experiment, an indication of the

technique used to calculate the ratio and its margin of error.

Prediction: This would be a number generated by the model when fed the represen-

tation of the observation—ie: the result of m3/(m1 + m3) for these weights. The

model would ignore the acceleration measurements, since it does not recognise

their tags. It would have provenance information referencing the observation

and the model (and, indirectly via the observation, the experiment).

Equivalence Relation: The equivalence we are investigating with the setup thus far

is a simple comparison of two numbers with error margins. It would be a pro-

gram that accepts two numbers with error margins and output its assessment

as “equivalent within margin of error” or “different”. Its representation may

reference some statisitcal theories that justify its application (I plead ignorance

here, but I think such a comparison has no derivation but an appeal to common

sense!—in that case, the appeal would be indicated).

Evidential Argument: This is represented as a container object that associates the

other elements of this argument. An automated consistency checking service

could examine the tags of its components, checking that they match, then exe-

cute themodel on the observations, check the result against the prediction, apply

the equivalence relation and add a tag indicating “valid” and “does not refute”,

“valid” and “refutes” or “invalid”.

There are a couple of things to note here. We could have done away with the pre-

diction: the model could contain only formalised mathematics amd the equivalence

relation could be made to implement mathematical formula applying error propoga-

tion. Also, the hypothesis could have been posed in a more specific way, perhaps as
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the mathematical relation used in the model. In this case, the model becomes trivial.

We can see that there is some flexibility in how to implement this framework. Poppers

priciples [120] could be called apon to insist that the hypothesis should be as unspe-

cific as possible and thus choose the less specific formalism, however there will often

be arbitary choices about how to represent the parts of an evidential argument. In the

following examples, that will become more clear.

4.2.2 Statistical Tests

Statistical tests are often used to determine if a change in conditions effects some phe-

nomenon in a significant way. As an example, lets examine an experiment to test

whether a new document scrolling technique improves user search times over a stan-

dard scrollbar. A group of people are chosen and given search tasks with different

scrolling techniques and the time it takes them to perform the tasks is recorded.

Hypothesis In this example, the proposed hypothesis states that the new scrolling

technique will result in faster search times than a scroll bar. This would be

represented as a logical assertion. It would also indicate its author(s) and list

its supporting evidential argument(s)—if the current experiment is not the first

that tests this interface, it may have more than one supporting argument. It may

cite other theories concerning, for example, document navigation and/or other

scrolling techniques. It could cite cognitive and behavioural studies that help

support its validity on a theoretical level.

Experiment The experiment consists of a description of how the participants were cho-

sen, tasks performed etc... Details of steps taken to design the experiment to

minimise bias in the results would be included. Some features of the experi-

mental design may draw on established results, for example standard design

techniques or general psychological or ergonomic results about computer in-

teraction. Perhaps these standards could be combined as a single user inter-

face experimental design standard. The representation of the experiment would

contain references to these and indicate how this experiment complies with the

standard.

Observations The observations are the collected search speed measurements and in-

formation about the participants. A reference to or details of the experiment

would be part of the provenance of the observation data.

Model and Prediction In this case, it is hard to distinguish the hypothesis, the model

and the prediction. We could say that the hypothesis asserts faster search times

in general whereas the model or prediction asserts faster search times in this

experiment. Doing this does not, however, enrich the representation of the ar-

gument. It would make more sense to dispense with the model and prediction

when representing this type of argument.
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Equivalence Relation The equivalence relation here would be the statistical test. Its

representation would first indicate the data structures the test requires and pro-

vide an indication of how to apply the test. This would likely be a concept in

a statistics ontology that statistical packages could interpret along with the data

to perform the test. It could equally be a mathematical formula or the URI of a

web service that can perform the test. The representation would also contain in-

formation about the requirements of the test. For example, a strong T-test could

insist on a minimum sample size and some measure of the ’normality’ of the

data (a weaker T-test might relax these constraints to some degree). Standards

for experimental design that help to ensure that the test is valid would also be

referenced.

Evidential Argument The evidential argument ties all these elements together. It as-

serts that the conditions of the hypothesis match those of the experiment. It as-

serts that the experiment satisfies the requirements of the equivalence relation.

It references the data and contain the result from application of the equivalence

relation to the data. That result would have provenance information indicating

when and where it was calculated.

It is the evidential argument that the scientist would publish.

4.2.3 Climate Modelling

Climate is commonly defined as a set of weather statistics computed from instanta-

neous data over a long period—the standard definition is thirty years—of time[55].

Modelling the climate is a daunting challenge; equations of evolution for climate

statistics do not exist per se, and one must instead model the instantaneous behaviour

of the system, log its history, and then compute climate statistics using this history.

Climatemodels are large and complex computer programs, comprising sub-models

for atmosphere, ocean, sea-ice, and land-surface (vegetation and soil), with all of these

sub-models evolving in mutual interaction. Atmosphere general circulation models

(GCMs) comprise fluid flow based onNavier-Stokes, radiative transfer, and also trans-

port of water vapour. Ocean GCMs model ocean momentum flow based on Navier-

Stokes, but also must track salt transport and its effect on ocean thermodynamics.

Sea ice models capture the thermodynamics of sea ice formation and melting and the

dynamics of large masses of sea ice, including ice pack motion as a plastic flow and

deformation properties—that is, its rheology. The inherent complexity of these mod-

els is recognised in the common technical term used to describe them: Coupled Climate

Models.

Coupled climate models are used in numerical experiments. That is, the model is

used as the apparatus, and run with carefully chosen data (e.g., initial or boundary

conditions or modified parameters), or modified in some way to explore model be-

haviour. The four main types of numerical experiments performed in climatology

are: 1) sensitivity experiments; 2) internal variability studies; 3) process studies; and

4) studies of past climates (a.k.a. paleoclimate). Model sensitivity experiments are
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performed to gauge response of the model to some changed condition. Perhaps the

most famous model sensitivity experiments are those cited in the Intergovernmen-

tal Panel on Climate Change (IPCC; http://www.ipcc.ch) reports such as last year’s

Fourth Assessment Report [73], which measure climate sensitivity to increased atmo-

spheric carbon dioxide concentration.

Process studies are performed by modifying some low-level (but important!) pro-

cessmodel in the system—for example parameterisation of convection—and perform-

ing simulations to determine whether the new representation of the physical process

yields overall a better climate.

Internal variability studies are simply very long runs (many decades to many cen-

turies in duration), and studying patterns of interannual, interdecadal, and centurial

variability, comparing where possible with available climate data.

Paleoclimate studies are climate model integrations run with conditions corre-

sponding to past geological eras. Continental masses may be shifted to replicate land-

mass distribution during past eras such as the cretaceous period, or ice masses such

as those found in the Late Pleistocene.

In all of these types of numerical experiment, a control simulationmay be run along

with other modified simulations to assess impacts of model or forcing data changes.

In the case of the IPCC climate sensitivity experiments, the control simulations are

simulations of twentieth-century climate, using historically accurate atmospheric car-

bon dioxide concentrations, and temporally correct forcings due to variability in solar

input (i.e., sun spots) and aerosols due to volcanic activity.

Comparing control simulation results from climate models with “reality” is a com-

plex problem. Models typically present their data on regular grids (e.g., logically rect-

angular latitude-longitude grids), whereas meteorological observations from surface

stations, sounders, and balloons tend to occur where people have settled (along rivers

and coastlines) in a spatially non-uniform fashion!. Satellite data is more regularly

distributed, but only along the path of a satellite’s orbit. Aircraft and ship observa-

tions are available along commercial aviation and sea routes. Taken together, these

instruments form the world’s weather observing system.

The data stream from this network can be combined with weather model calcu-

lations and statistical analysis to produce results whose spatial distribution is more

uniform and readily comparable with a model spatial mesh. This process is called

data assimilation[80]. In addition to instantaneous data assimilation products, there ex-

ist data products detailing estimates of the meteorological state at gridded locations

and regular time intervals (typically six-hourly) for long periods stretching from the

mid-twentieth century to the present. These data sets are called retrospective analyses

or more simply reanalyses. Major reanalysis efforts in the United States and Europe

have produced publicly available reanalyses that can be used for climate model eval-

uation [81; 83; 148].

Hypothesis The hypothesis is that a numerical climate model constructed from first

principles, and run using present-day values for relevant parameters (in particu-

lar atmospheric carbon dioxide concentration) is capable of reproducing climate
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statistics at the global scale (e.g., global means) and in terms of geographic dis-

trubutions (e.g., correct placement of maxima and minima such as high and low

pressure centers). The hypothesis typically would state that the model repro-

duces observed average statistics (the mean) and variability (the variance) for

important meteorological variables such as surface temperarure and precipita-

tion, mean sea-level pressure, et cetera.

The theory provenance of this hypothesis would include the collection of all of

the theoretical concepts implemented by the climate model, including (but not

limited to) the primitive equations for atmospheric and oceanic flow, physical

laws governing radiative transfer, physical laws governing phase transitions for

water, bulk energy, mositure, and momentum formulae found in a land-surface

model, etc... Also included in the body of theory are the approximations made

in mathematical arguments to derive these formulae.

Model The model in this case is the climate model, but also includes post-processing

of daily model history output to create climatologies. Typical post-processing

initially entails computation of a series of monthly averages of model output,

followed by subsequent processing to create long-term mean monthly and sea-

sonal averages and variances. Note that these data are computed on the model’s

spatial grid.

Prediction The prediction in this case is the raw model output, along with any post-

processed data to construct climatologies.

Observations For a control experiment, reanalysis data sets mentioned above are the

data used as the “ground truth” against which model results are compared, and

are presented as long-term monthly and/or seasonal averages and variances.

As such, it is these data sets that fill the role of observations.

It is important to note that these statistics are computed on the spatial grid used

by the data assimilation system used to generate the reanalyses. That spatial

grid will, in general, be different to the grid used by the model.

Equivalence Relation The equivalence relations used can vary in levels of complex-

ity. A widely used and simple technique is to plot fields of data and analyse

them visually by comparing model alongside observations. Based on visual

analysis, one can claim something is “good enough”. A more rigourous ap-

proach is interpolation of the model data onto the observations’ grid, or vice-

versa, and computation of differences. The resulting difference fields can be

analysed either visually or numerically and criteria for equivalence assigned ac-

cordingly.

Evidential Argument The evidential argument combines the above elements, using

the Equivalence Relation to test the Hypothesis with the Observations and Pre-

diction.
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It is clear that the data we are calling observations has undergone a great deal

of analysis. Climate modelling is perhaps an extreme case, however it is usual that

observational data will receive some level of treatment before being presented as ev-

idence. One other example is statistical treatment of data before comparison with a

prediction. It is important that the analytical treatments applied to observational data

are trusted, and that the data’s full provenance is available.

Figure 4.2: Depiction of plasma in a tokamak taken from [154].

4.2.4 A Plasma Physics Example

In a prize winning plasma physics paper, Angioni et al [4] intuited a subtle, but rel-

atively simple phenomena in tokamak plasmas. Their paper gives a sophisticated

theoretical derivation and a survey of plasma ’shots’3 from the ASDEX Upgrade di-

vertor tokamak (Axially Symmetric Divertor EXperiment). Plots showing the distri-

3A shot is one plasma experiment. Gasses are added to the tokamak chamber and heated. Various
measurements of the plasma are made until the plasma breaks down.
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bution of shots according to selected properties are presented. The reader is invited

to note visual features of the plots as evidence supporting their ideas. Their result is

an important observation of plasma behaviour, and may help in the design of fusion

reactors to generate electricity at some point in the future.

In highly condensed form, the core contribution of this paper is a proposed mech-

anism involving electron thermodiffusion to account for observed anomalous ’flat-

tening’ of plasma density, or pump out4, in response to central electron cyclotron heat-

ing (central ECH). The theoretical treatment suggests that when trapped electron mode

(TEM) instability is dominant over ion temperature gradient (ITG) instability in the

plasma, electron thermodiffusion will cause pump out.

Their theoretical derivation involves techniques for approximating the full math-

ematical treatment of the equations governing the behaviour of plasma as well as nu-

merous numerical simulations. As with the central evidential argument of the paper,

plots of these simulations are presented, and the reader is invited to recognise features

that support their derivation. I will not go into the representation of this argument—

suffice to say that it would have a similar form to the main evidential argument. It is

interesting to note that this paper contains many linked arguments and conclusions.

A full representation of the paper would contain each and indicate the connections as

semantic citations. These citations would form part of the theory provenance of each

conclusion.

Angioni et al presented a number of finer points of physical evidence and logic,

however it is their central argument that I will describe here—it is summed up in the

following statements from the papers conclusion:

. . . from a theoretical viewpoint, it has been shown that in the framework of

the theory of ITG and TEM instabilities, outward electron thermodiffusion

is predicted when the most unstable mode is a TEM, and the mode prop-

agates in the electron drift direction. On the contrary, when the dominant

instability is an ITG and the mode propagates in the ion drift direction the

electron thermodiffusive flux is directed inwards and is smaller. A mecha-

nism has been presented which leads to density flattening with increasing

central electron heat power.

. . .

In support, it has been shown that plasmas exhibiting density flattening

in response to central ECH are found to be in the domain of a dominant

TEM instability. On the contrary, plasmas which do not show significant

profile modifications during central ECH, are found in the ITG instability

domain, while in almost the totality of these plasmas TEMs are stable.

Hypothesis The hypothesis of this evidential argument could be presented in first or-

der logic. Let ITG and TEM assert that ITG (respectively TEM) is the dominant

4A plasma in a tokamak has a toroidal or doughnut shape (see Figure 4.2), typically with greater
density in the middle of the doughnut ring. When pump out occurs, material shifts away from the middle
of the ring towards the ’skin’ of the toroid. See figure 4.2.
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instability mode, ECH assert that a plasma was given ECH and pump out assert

that density flattening occurs. The hypothesis would then read 5:

central ECH ∧ TEM ⇒ pump out

central ECH ∧ ITG ⇒ ¬pump out

The representation of the hypothesis would also include citations (with ’de-

pends on’ flavour) of the theory of ITG and TEM instabilities.

Experiment The experiment in this case (in the sense of the conceptual framework) is

most naturally viewed as a collection of plasma shots (with central ECH) that

were examined to compile the presented figures and the (presumably trusted)

analyses used to determinewhich shots exhibited ITG or TEMandwhich showed

anomalous pump out. In terms of the framework, each shot has an experiment

entity and an observations entity of its own. The representation of the exper-

iment entity would indicate the tokamak control parameters and (probably in

the form of links) the design and specifications of the ASDEX Upgrade diver-

tor tokamak. The representation of the observations entity would have the data

gathered during the shot and provenance information such as a link to the ex-

periment entity, the scientists involved in the shot, any preprocessing done to

the data etc..

Observations The observations referenced by this evidential argument are the pre-

sented plots. It is these plots that will be compared to the predicted relationship

between central ECH and ITG and TEM instabilities. There are several types of

plots presented as experimental evidence, but they all show data from one or

more shots and indicate the presence or lack of pump out in response to central

ECH, and an indication of the dominant instability mode. The representation

of these observations would include provenance data for each shot presented in

the plots. It is worth noting that Angioni et al referenced shot numbers for all of

their plots, thus providing provenance information.

Equivalence Relation The equivalence relation is an appeal to the visual judgements

of the reader. This is a common technique used across many areas of science.

Though this method does not lend itself per se to automated verification (since

it explicitly requires human perception), it can still be represented. Someone

browsing the represented knowledge would be presented with the plots and an

indication of what is meant to be seen in them. Datamining, machine learning or

statistical techniques could also be applied to the data as a means of automated

verification and to provide an objective measure of the strength of the reported

features.

5The notation A ∧ B indicates that assertion A and assertion B both hold. ¬A indicates that A does
not hold. A ⇒ B indicates that A implies B.
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Model In the text of the paper, Angioni et al describe the features of the presented

plots and explain the ways in which they support the core hypothesis. These

descriptions embody the model of this evidential argument as they connect the

hypothesis to the presented evidence. In fact, Angioni et al present several sub-

arguments, one for each of a number of plasma types—effectively several mod-

els. What constitutes the predictions in this argument is difficult to discern. It

would probably be fairest to say that they are embedded in the models. Another

approach would be to say that the predictions are left to the reader examining

the plots.

This paper is interesting in that it presents a very sophisticated theoretical deriva-

tion of what is, in essence, a very simple hypothesis. An attempt to represent the

theoretical derivation would likely be a complex and difficult task, as many sophisti-

cated mathematical and numerical techniques are applied.

Another interesting aspect of this paper is that it does not claim to be conclusive.

Angioni et al are careful to point out the limitations of their analysis. For example

they write:

The flattening predicted by quasi-linear theory appears too small also with

respect to the experiments. A conclusive quantitative comparison between

the theoretically predicted magnitude of the thermodiffusive ux produced

by ITG and TEM instabilities and the measured modications of the den-

sity prole in response to central electron heating requires full non-linear

simulations, taking into account collisionality effects.

It will often be the case that presented scientific work is inconclusive, either without

evidence (ie: a conjecture) or with limited evidence (but enough to suggest further

study). The need for grades and shades of verity in a knowledge representation sys-

tem for science, as discussed in Section 3.4.6, is apparent here.

4.2.5 Kon Tiki

In 1947, Thor Heyerdahl sailed a raft made of from balsa wood and other native ma-

terials from Peru, attempting to reconstruct ancient designs, and sailed it across the

Pacific Ocean to Polynesia. The raft was named Kon Tiki [67].

Heyerdahl had a theory that a race of fair skinned people, referred to in Incan leg-

ends, may have colonised Polynesia around A.D. 500. He had several reasons to think

this a possibility: reports of fair skinned people in Polynesia often with fair hair and

hooked noses, unlike most Polynesians; South American sweet potatoes that were a

staple in Polynesia and more. In order to add credulity to his theory, he built Kon

Tiki and sailed it across the Pacific, thus showing the plausibility of such a voyage in

prehistoric times. According to Wikipedia, most archaeologists still believe, based on

genetic, linguistic and physical studies, that Polynesia was settled from Asia. How-

ever, evidence such as the sweet potato suggests that there may have been some South

American contact.
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The evidential argument he presented with his voyage is relatively trivial to rep-

resent with the proposed evidential reasoning framework. The hypothesis would read

something like “the legendary people of Kon-Tiki could have sailed to Polynesia”. It

would be represented as a logical proposition linking the concepts “Polynesia” and

“the legendary people of Kon-Tiki” with the qualified action “could have sailed to”.

Each of these concepts would have its own provenance and descriptive information,

for example the people of Kon-Tiki would be linked to the Incan legends and who re-

ported them, archaeological evidence from Peru, the fact that they were purported to

live in Peru etc.. If Heyerdahls theory of colonisation were represented elsewhere, the

evidential argument from the voyage would be linked to it as supporting evidence.

The model would read something like “I can sail to Polynesia from Peru in a boat

similar to what the people of Kon-Tiki might have had”. The prediction would read

something like “If I build a boat similar to what the people of Kon-Tiki might have

had, I will be able to sail across the Ocean”. The experiment would be a description of

all the steps taken to research and build the boat, and then to sail it across the Ocean.

The evidence would be “we built Kon Tiki and sailed it across the Ocean according

to the specifications in the experiment”. Attached to each concept, such as “we” and

“Kon Tiki”, there would be appropriate extra information and provenance.

Though the formalisation of this argument may seem trivial, it shows the flexi-

bility of the approach and demonstrates its ability to capture the link between our

interactions in the world and our conceptualisations of how it may be, even in our

simplest arguments.

4.2.6 Classification

Many areas of science are concerned in part with classifying objects in the world, in

fact it could be argued that this is an element of all areas of science. Geology, botany

and biochemistry are areas where classification is of particular interest. They seek to

classify things in the world according to sets of criteria, and justify those classifications

according to observed differences between things in the world. At times, there will be

exceptions to the classification rules: objects that fall neatly between classes or share

features of several classes, or continuum’s that connect classes.

Evidential arguments around classification are perhaps the hardest to fit into this

framework, and probably would be best treatedwith a different framework. Lets have

a look at how the evidential reasoning elements described above fit into a classification

setting. A theory of classification has:

• A collection of classification criteria. These are like hypotheses postulating that

things will be clearly divided by the criteria.

• Theoretical derivations. Perhaps there is reason for us to expect the classifi-

cation (for example evolution creates classes of organisms—except viruses are

now known to move genes “horisontally”).

• Possibly some exceptions (not unlike some physical theories, for example fluid

dynamics begins to fail when particle sizes or densities become too large).



§4.3 Summary 57

• Evidence: a survey of known things, noting that they classify nicely (bar the

exceptions!)

Seen in this way, we appear to have a special collection of related hypotheses and

evidential arguments. That means a classification framework can be built around

the evidential argument framework, however extra structure would be needed for

it to be practicable. Also, a more thorough analysis would be appropriate in order

to identify situations or requirements that cannot be fit sensibly into the proposed

evidential argument framework.

4.3 Summary

I have attempted to unravel the fundamental elements of the ways in which we derive

our knowledge from observation of and interaction with the world.

We have seen that the evidential reasoning framework presented here is robust for

representing the evidential arguments examined, but requires interpretation in un-

usual and sometimes counter-intuitive ways, and requires the flexibility to combine

the roles in some cases. Also, the terms used for the framework elements have, in

some circumstances, common usage quite different from their interpretation accord-

ing to the framework. This is unacceptable as a working terminology—it is important

that the terminology used for representation of knowledgematch that used in the area

of the knowledge being represented. For these reasons, any implementation of repre-

sentational frameworks would do well to adapt to the conceptual and terminological

needs of scientists in each area of specialisation.

As mentioned at the beginning of this chapter, what I have presented here is a pre-

liminary analysis. Even in the few examples I have considered, issues concerning the

nature of the framework and its ability to unambiguously represent evidential argu-

ments were discovered. The need for larger and deeper analysis is clearly indicated.
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Chapter 5

Representing Schools of Thought

Scientific enquiry often results in differing and perhaps contradictory ideas about the

processes at work in the world. These different conceptualisations about some aspect

of the world are often termed schools of thought.Generally, these contradictory stances

are resolved through experiments designed to clearly indicate that one or the other is

incorrect, however the controversy may last in the literature for some time before this

happens.

Another situation in which the body of scientific knowledge may contain appar-

ently contradictory theories can be seen with Newtonian and relativistic mechanics.

Newtonian mechanics is an exact theory which works with ’reasonable’ accuracy

when masses, relative velocities and physical scales are within ’reasonable’ limits.

Here ’reasonable’ could be quantified in theoretical terms andwith experiments. Fluid

dynamics, quantum mechanics and economic theories also have restricted domains1.

In all these situations each theory is correct (read experimentally verifiable) given

certain assumptions. Though ’pure’ science is interested primarily in theories that

work in all situations, engineering and applied sciences are more pragmatic—if a the-

ory works in a real application, it is worth investigation.

A widely useful semantic publishing system should, therefore, accommodate ap-

parently contradictory theories.

In aweb of semantically published science, representing different schools of thought

does not present any difficulties—there is no assumption about consistency between

published concepts. Inconsistencies would, however, be undesirable within knowl-

edge bases constructed from such a web if automated reasoning were to be applied or

if they were intended as a reference on scientific consensus.

One approach to this problem would be to have a collection of knowledge bases,

one for each school of thought. This is a cumbersome solution however, as most

knowledgewould be common tomany schools of thought, and combinations of schools

of thought may be required—you could quickly end up with a very large number of

knowledge bases.

A better approach is to switch groups of theories on and off as required. A simple

trick is commonly used for this purpose. In propositional logic form, given a theory

1Quantum mechanical theories operating on large scales have been notoriously hard to formulate
[87]
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T (where T is a conjunction of closed axioms Ai : i = 1..n - the set of rules that the

theory assets), we defind a simple boolean proposition t and an axiom t ⇒ T. If we

assert the sentence t, then T holds, and conversely, if we do not assert t or assert ¬t,

then T may not hold. I will call t a switch for T.

A school of thought S, consisting of a collection of related theories with switches

ti : i = 1..m, could have a switch:

s ≡ t1 ∧ t2 ∧ . . . ∧ tm

Asserting the sentence s would turn on the school of thought, making all the the-

ories in S hold. Switches could be combined in any combination required. This tech-

nique could be used to effectively manage diverse and interrelated schools of thought.

We have seen in Section 3.4.7 that automated reasoning on large mathematically

rich knowledge bases is currently infeasible. To implement the approach to schools of

thought presented here however, some reasoning would need to be done (to calculate

the consequences of asserting that t). However, we saw in Section 3.3.3 that simpli-

fied ’snap shots’ of rich knowledge bases could be used as grid ontologies, providing

organisational principles to the data and other resources on a grid. This technique for

managing schools of thought could be applied to such snapshots. It would be use-

full as an organisational principle on a grid and could also be used to filter the more

expressive knowledge base, essentially making the technique feasible for mathemati-

cally rich knowledge bases as well.



Chapter 6

Future Research and Development

Directions

In this chapter, I summarise the research areas identified in the earlier chapters. There

are many research and development directions in the list, of varying scope and impor-

tance. From this list, it is evident, as wemight expect, that this research has vast scope,

and can only feasibly be approached by a community of researchers and over an ex-

tended period of time. Many of the research directions listed here are interdependant.

Those directions that represent fundamental studies and standards will need to be

completed (at least partially) before more specific areas are approached.

6.1 Social Research

In section 3.6 we saw that the social barriers to a semantic publishing paradigm are

arguably the most significant. The research topics outlined in this section attempt to

identify the nature of those barriers and findways to easy the adaptation process were

semantic publishing to become widespread.

6.1.1 Study the Needs of Scientists

Any technological system has as an eventual goal the service of the needs of people.

This realisation has become fundamental in technology design strategies [108].

I am proposing here possible new technologies for scientific publishing. A thourough

and thoughtfull analysis of the publishing needs of scientists and the scientific com-

munity and the role of publishing within the overall process of science is therefore

appropriate. Apart from surveys of the habits and opinions of scientists, such a study

should entail a review of relevant literature, for example from the philosophy of sci-

ence and studies and discussions concerning scientific publishing. The scope of such

a study will likely be significant.

Identifying the needs of scientists has been identified as an important step in sys-

tem (and in particular, ontological) development, and methodologies incorporating

such steps have been developed and used in eScience [12]. Some results from these

efforts may also be applicable in the area of scientific publishing.
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6.1.2 Social Impacts

In Section 3.6.2 we noted that publishing is an integral part of the scientific commu-

nity, driving social institutions such as standing, prestige and wages. Some investiga-

tion of the social evolution of science and the potential impacts of semantic publishing

could aid us in understanding the social barriers to its adoption and guide us in de-

signing semantic publishing systems.

A possible area where impacts of social impacts the ideas for semantic publish-

ing presented in this thesis may be significant is the application of trust and scientific

authority measures. In Section 3.4.6 we saw that such measures would be highly

controversial, and great care would need to be taken to find a balance between au-

thoritarianism and effectiveness, perhaps leaning toward less authority! For example,

fine grained measures of scientific authority may be inappropriate, as scientific au-

thority is a highly subjective consideration. Coarse measures, for example using two

grades of authority—“is expert” and “is not expert” are more likely to be faithful to

the opinions of most people.

6.1.3 Changing Roles of Publishers

In Section 3.4.6 I suggested that in a semantic publishing paradigm, journals could, for

example, take on the role of filtering published science, essentially providing a trust,

verity and relevance service, similar to the deconstructed journal concept presented

by Smith [135].

6.1.4 Changing Attitudes to Web Technologies

In Section 3.6.1 I stated that I feel that it is likely that the youth of today will em-

brace and extend knowledge technologies, perceiving and pursuing the advantages

of greater knowledge availability as has happened with the advent of the World Wide

Web. Research into this phenomenon is relevant to semantic publishing.

6.1.5 Identifying Early Adopters

In Section 3.6.4, I identified a number of potential areas of science in which scientists

may be inclined to adopt semantic publishing technologies through need or familiar-

ity with knowledge representation and management technologies. A more thorough

investigation into possible early adopters would be appropriate.

6.2 Knowledge Representation

Fundamental to the semantic publishing vision is effective knowledge representation

formats and techniques. This is currently an active area of research, and many new re-

sults will have an impact on the feasibility and efficacy of semantic publishing. Below

I list some specific topics that are particularly relevant to semantic publishing.
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6.2.1 Fundamentals of Science Modelling

We saw in Section 3.2.1 that the concepts of science are many and varied, and in a

continual state of flux (at least on the frontiers of research). Any system hoping to

effectively capture the richness of scientific concepts needs to take special care to al-

low sufficient flexibility for new ideas to be faithfully represented. On the other hand,

there must be sufficient structure to allow effective organisation of ideas and the ap-

plication of generic knowledge management technologies.

To achieve this, a thorough study of the conceptual practices of science and the

history of scientific thought would provide an understanding of the conceptual issues

that representation schemes would need to face. Philosophical studies in this vain

are not uncommon, for example [120; 97; 152; 161]. These studies could provide a

solid basis to a representational framework, however a systematic survey of published

science would also be appropriate.

Such a studywould result in two products: a representational language for science

and its underlying logic, and upper ontologies expressed in this language. In Section

3.2.3 we saw that current mathematical representation languages and their extensions

are good initial candidates for a representational language for science. For further

implementation, means of interpreting existing represented scientific knowledge in

this framework would also be required, perhaps in the form of plugins for knowledge

management tools or translators.

Further investigation of the framework for representing evidential reasoning as

described in chapter 4 and subsequent development of a prototype system would

form a part of this research direction.

6.2.2 Representing Science

In Sections 2.2.1 and 2.2.3 we saw that representational languages and knowledge

bases of scientific knowledge are currently undergoing rapid expansion. As noted in

Section 3.3.1 continued work in this area is necessary to “kick start” semantic publish-

ing.

In Section 3.2.1 we saw that these attempts have been ad-hock and application spe-

cific, responding to particular needs for interoperability and knowledge management

in the fields for which they were developed. For semantic publishing, they may need

to be translated and further annotated in order to follow science modelling standards

once such standards are developed (as described in Section 6.2.1).

6.2.3 Natural Language Processing

In Sections 3.3.1, 3.6 and 3.6.3 I have mentioned that natural language processing

(NLP) could play a significant role in enabling semantic scientific processing. NLP

research oriented to extracting semantics specific to science could provide important

support to the feasibility of semantic science publishing.
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6.3 Knowledge Management

If semantic publishing becomes widely used, tools and techniques for managing and

organising that knowledge are needed. We have seen that many existing technologies

provide powerfull techniques for knowledge management, however work is needed

to adapt these to a semantically published scientific knowledge context.

6.3.1 Fundamentals

In Section 3.2.4 we talked about two possible structures for semantically published

knowledge—aweb structure and summary knowledge bases. Management of knowl-

edge access (such as search techniques and alerts) and storage structures presents

many challenges and opportunities.

Hai Zhuge’s book “The Knowledge Grid” [160] outlines some current understand-

ings and research directions in this area.

6.3.2 Semantic Citation Flavours

In our discussion of semantic citation in Section 3.2.2, we saw that there are many

types of citation. Modelling these could involve choices that are not immediately

obvious, and would need careful consideration. Such a study would form part of a

more fundamental study of modelling scientific knowledge proposed in Section 6.2.1.

The discussion in Section 3.2.2 also touched on the need to adapt current tech-

nologies for analysing citation graphs to utilise semantic citations. Initial adaptations

could be trivial (for example, simply ignore citations other than ’depends on’), how-

ever richer analysis could be achieved through utilising the full semantics of citations.

6.3.3 Propagation of Refutation

In Section 3.4.2 we discussed the possibility that refuted results could be propagated

through a web of published knowledge. Mechanisms for achieving this would need

to be integrated into knowledge management tools. Such mechanisms would operate

similarly to mechanisms for calculating and storing measures of trust and verity from

annotations and other measures applied to individual published elements (Section

3.4.6 discusses trust and verity management).

6.3.4 Folksonomies of Science

In Section 3.4.6 we considered an alternative mechanism to peer and editorial review

for achieving measures of trust and verity through community or public discussion

(and dispute!) of published claims and through community ranking (folksonomy).

As noted above, research into social impacts of such measures is appropriate. There is

also much work to be done to adapt current folksonomy tools to the semantic science

publishing context.
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In Section 2.6 we saw that there are open source social networking applications

that could be adapted to the needs of science [92].

6.3.5 Knowledge Exchange and Trust

In Section 3.3.2 we noted that new standards for knowledge exchange and trust would

need to be devised. The standards under development in the Grid community would

likely be good starting places for the development of such standards.

6.3.6 Mining Knowledge Bases

Processes and techniques for automatically generating knowledge bases from webs

of published knowledge based on verity, trust and significance measures are needed.

This is not a trivial task, as differing schools of thought would need to be identified

andmanaged. In Chapter 5 a possible technique for managing schools of thought was

discussed.

6.3.7 Adaptation of KBs for Different Reasoning Tools

In Section 3.3.3 we noted that we may want our represented knowledge to be used in

different systems with differing levels of expressiveness. For example, we may want

to use knowledge in a highly expressive science representation for as an organisational

principle in a description logic driven semantic grid. An initial approach is for the

more expressive features to simply be invisible to the simpler systems, as described

above. Can we do better? Perhaps there are approximations or simplifications of the

expressive features that could be used in the simpler system? Such questions form

interesting directions for future research.

6.4 Knowledge Interfaces

In Section 3.2.5 we talked about the need for flexible semantic publishing tools adapted

to the needs of different scientific disciplines and individual scientists. In Section 3.6.1

we noted that semantic publishing systems should be designed to be easily opera-

ble, ideally with some degree of backward compatibility so that known publishing

skills can still be applied. Semantic publishing tools are needed that are intuitive for

scientists to use, and which make it easy to locate and insert the appropriate citations.

Designing and implementing intelligent interfaces for publishing and accessing

semantically represented knowledge is a broad and challenging area of research.

6.4.1 Layers of Information Wiki

In Section 3.4.4 we discussed the utility of different interconnected layers of informa-

tion and presentation for semantically published scientific knowledge. An interesting

research topic would be the development of a wiki system that implements this idea.
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Integrating grid authentication services connected to measures of trust and expert au-

thority could be a usefull feature of such a system.

6.4.2 Collaborative Islands

To allow for individual scientists or collaborative groups to independently develop

new concepts and theories, there would be a need for managing access and exposure

of subsets of science knowledge [157]. A group of scientists could, for example, first

develop an idea in their private collaboration space, or collaborative island, then expose

it for comment (much like pre-prints are used today).

Grid services for authentication and rights management (see Section 2.3.1) would

also make a logical starting point for implementing collaborative islands. These ser-

vices would need to integrated into knowledge management tools for semantically

published material.

6.5 Linking to Math and other services

In order to take advantage of the benefits that automation could provide to verifica-

tion and other activities around semantic publishing, knowledge management and

authoring tools would need to use mathematical, reasoning and other services. These

could be incorporated into the tools, however the power of grid and semantic web

technologies for distributed services could add significant improvements in perfor-

mance and quality.

Such technologies are well into development, and some are quite mature. Utilising

them, however, requires ontologies of function and implementations of their applica-

tion programming interfaces (API’s). Development of open standards for the services

required by a scientific semantic publishing paradigm is a an important research di-

rection.



Chapter 7

Conclusion

The dissemination of new findings is an important and integral part of the scientific

process. In this thesis I present a new vision for science publishing—semantic publish-

ing that I argue has the potential to greatly improve the efficacy of dissemination and

quality control of published science.

With the advent of the World Wide Web and new new search technologies, scien-

tific publishing has, and is continuing to experience what some would call a revolu-

tion. I have argued that what we see today is only the beginning of what could be

significant change in the way we publish and manage our scientific knowledge.

After a broad survey of current practices and trends in scientific publishing, eScience

and Web technologies, I conclude that there are significant opportunities to apply

knowledge representation, knowledge management and web technologies to science

publishing.

Semantic publishing is a new publishing paradigm in which the conceptual con-

tent of scientific work is published directly in machine readable form. This opens up

many possibilities for automated management and analysis of published science.

I have introduced two key concepts as a structural basis for a body of semantically

published science. Semantic citation involves citations between individual concepts

which indicate the nature of the relationship between the concepts. Theory provenance

records the conceptual history of published ideas. I have argued that these concepts,

combined with existing Web and knowledge management technologies could afford

far greater access to and more accurate assessment of our knowledge than the current

publishing system and outlined several practical possibilities for services and systems

built around semantically published scientific knowledge.

Evidential reasoning, drawing tenuous conclusions about the world from our ob-

servations and experimentation, is fundamental to scientific research. As an initial

step toward the semantic publishing vision, I have developed a conceptual frame-

work for representing evidential arguments and made an initial assessment of its util-

ity through examples from the application of statistical tests, climate modelling and

plasma physics.

Finally, I have presented a roadmap for future research that would be required in

order to realise the semantic publishing vision.
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Appendix A

WebScope: A Data Grid for Fusion

Research

WebScope is a data grid connecting distributed MdsPlus data bases of experimental

results from high temperature fusion, developed at the ANU [51; 157].

I had intended to implement a description logic representation system for pub-

lished fusion research which would link experimental data served by WebScope to a

semantic representation of the researches conceptual content. The description logic

reasoning and representation system Racer [64] was to be used to formally represent

the semantic content of research papers and provide reasoning services such as con-

sistency checking and semantic searches.

It became evident late in the year that Racer’s representation language was not

equal to the task of usefully representing research findings and arguments in fusion

research because of its inability to properly represent complex mathematics (see Sec-

tion 2.2.2). This discovery and the fact that I had conducted a substantial literature

review led to a change in focus for this thesis to a more theoretical presentation.

We did however succeed in porting WebScope to a linux system and I imple-

mented a simple API in WebScope for a knowledge representation system.
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