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Preface

I still vividly remember my conversation with Dr. Francis Heylighen a few
weeks before I started working as a research assistant for the Principia Cy-
bernetica Project at the Free University of Brussels VUB in anuary 1994.
Weeks before our first exchange I had been experimenting with Gopher. I
spent hours downloading images from NASA’s computers and was much
taken with the ability to conveniently access information regardless of its
physical location at such speeds. However, I also found the hierarchical or-
ganization of the system frustrating and ine cient.

In the course of our conversation Francis asked me whether I knew about
hypertext and the World Wide Web WWW . I didn’t. At that time Fran-
cis was running the first Belgian WWW site for the Principia Cybernetica
project PCP and showed me the organization and content of the PCP
web site which thus constituted my very first encounter with hypertext.
The PCP project’s members Dr. Francis Heylighen, Dr. Cli  oslyn and
Dr. Valentin Turchin were using the WWW to represent a philosophy of
cybernetics. For that reason they had developed elaborate methodologies
for the hierarchical and collaborative organization of a collection of texts
into a hyperlinked representation of such a philosophy.

From my background in experimental psychology, I realized the inherent
di culties to what the PCP editors were trying to achieve. Their goal was
to implement a hierarchical web site structure in which hyperlinks reflect the
typed, semantic relations between Systems Science concepts. At the same
time they wanted to provide an on-line, convenient information resource to
the Systems Science community.

A number of interesting research questions emerged. First, given that the

ix
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PCP web site described the relations between concepts in Systems Science,
implemented by its editors, could there be any assessment of the validity of
these relations? If the editors represented a highly isolated set of individu-
als, in disagreement with the larger Systems Science community , wouldn’t
the PCP web site reflect this fact and would its structure not be considered
invalid by a majority of the Systems Science community? So, the question
is to which extent we can assess the validity of hyperlinks in a hypertext
system, given that designer’s apply their subjective notions of desired hy-
pertext relations. Second, the PCP web site was implemented to provide a
convenient WWW based access to the PCP hierarchy of concepts. However,
even if the designed structure of the PCP web site corresponded to valid re-
lations between Systems Science concepts, would this structure be one that
users found convenient when they were looking up specific information?

Research on naive physics and the storage of semantic and associative
relations in human memory has indicated that common-sense knowledge
about the relations between concepts often conflicts with the relations de-
rived from taxonomies and other forms of logically valid relations. For ex-
ample, although whales can in a taxonomic sense be classified within the
larger class of mammals, most people would associate them with fish. In
fact, some would even have di culty believing they are actually mammals.
Consequently, a web site based on a taxonomy of all living beings might
provide a highly confusing structure to navigate for human users.

These are general issues for the implementation and usage of hypertext
systems. How can a structure of hyperlinks over a set of pages be designed
so that it represents a set of valid relations for a specific domain while at the
same time it allows users to conveniently locate and retrieve information?
Stated in a more general manner, how do a designer and user’s subjective
notions of the expected relations, represented by hyperlinks, influence both
design and usage? This question has led the research presented in this dis-
sertation.

To my frustration, the literature on hypertext only very sparsely ad-
dresses this issue and mostly in an ad hoc manner specific to particular
hypertext systems and contents. A large number of researcher have inves-
tigated system specific design patterns, knowledge modeling approaches in
particular educational hypertext applications, the automated generation of
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hyperlinks from a collection of texts, etc. However, the general relation be-
tween the design of a hypertext network structure for a given domain, and
user domain knowledge has not been the subject of much research. Overall,
very little attention has been paid to the cognitive mechanisms involved in
hypertext design and usage across di erent system contents and architec-
tures, and their relation to the domain knowledge of designers and users.

I consider these issues of paramount importance if we are to come to a
better understanding of the mechanisms involved in human hypertext design
and usage. They are also pertinent to domains such as User Modeling in
Adaptive Hypermedia, automated hypertext linking, Knowledge Modeling
and the evaluation of adaptive information systems.

Soon after joining Francis Heylighen’s research project, I set up the first
experiments that led to the present dissertation research. These experi-
ments involved a number of networks of hyperlinked words, accessible from
the PCP web site, which adapted their hyperlink structure to collective user
selections. Three simple learning rules updated hyperlink weights according
to user selections and thereby gradually changed network structure. Word
networks were chosen to make the results independent from a specific text
content and to enable us to generalize beyond the scope of a single, partic-
ular hypertext system.

The experiments demonstrated how simple hypertext networks could be
organized into meaningful structures by no more than simple measures de-
rived from collective user navigation patterns. It was also possible to show
that these hyperlink structures corresponded to users’ shared knowledge
about the associative relations among the pages in the hypertext system.
The questions regarding the interaction between hypertext design and user
domain knowledge were thus circumvented by replacing explicit, human de-
sign by patterns of usage. For the following 3 years I concentrated on val-
idating this approach by using simulations of human hypertext navigation
behavior. This work was mostly empirical and focused on studying the char-
acteristic behavior of such adaptive hypertext networks.

Although these results were interesting in their own right, they needed to
be framed in a more general theoretical approach to human hypertext design
and navigation, and more specifically the role of common-sense knowledge in
these activities. By joining the Active Recommendation Project at the Los
Alamos National Laboratory in 1999 led by Luis Rocha and Cli  oslyn,
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I became involved with a research e ort to develop adaptive information
systems aimed at producing community-based recommendations within the
context of digital library information resources.

Here too the problem of determining and applying the domain knowledge
of a given community of users for adaptive information systems emerged. 1
remembered the early simulations of user navigation behavior that I con-
ducted to test the validity of the adaptive hypertext linking experiments.
These simulations were based on a specific model of human hypertext navi-
gation. An investigation of the validity of this simulation model resulted in
a model of human hypertext navigation.

The model addresses the role of domain knowledge in both hypertext
design and navigation. Results show that it can predict the general charac-
teristics of human hypertext navigation, as well as specific, individual user
navigation paths. The model is based on the assumption that a technology
like hypertext functions only because designers and users share a common
set of assumptions about the relations between concepts and objects. De-
signers use this knowledge to design the hyperlink structure of a hypertext
system, users apply it to navigate its hyperlinks.

The model has in its turn provided additional justification for the men-
tioned approach to automated hypertext linking in which human hypertext
navigation patterns are used as a proxy to a designer’s domain knowledge,
and can consequently be used to improve and partially automate hypertext
linking. Rather than focus on hypertext page content, taxonomies, or ex-
plicit design guidelines, I demonstrate that in specific cases it is possible to
let user behavior guide hypertext design, rather than vice versa.

This thesis outlines the main results of the research I conducted at the
Vrije Universiteit Brussel and the Los Alamos National Laboratory for the
past 6 years. It in many ways reflects my contacts with di erent research
teams and approaches. The dissertation does not address one single research
program. It rather covers two complementary research problems: a model
of the cognitive mechanisms involved in human hypertext navigation, and a
methodology for the automated improvement of hyperlink structure.

So, here it is. The overall structure of this dissertation is determined by
these two research projects: a model of human hypertext navigation, and
automated user-based hypertext linking. The dissertation structure follows
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that of the abstract. The first chapters provide an introduction to hypertext
and hypermedia, the main problems associated with the use and design of
this new medium, and a general research statement. After that introduc-
tion, the thesis can be thought of as describing two lines of research: the
first one on the above mentioned model of human hypertext navigation, the
second on a series of experiments with adaptive hypertext networks. Each
chapter has its own introduction and conclusion.

Even though the research on adaptive hypertext networks predates the
research on a model of human hypertext navigation, I felt it more appropri-
ate to outline the theoretical foundations before venturing into the empirical
and applied part of the dissertation, even though that order does not cor-
respond to the actual sequence of events. The last chapter of this thesis is
a short conclusion in which I outline the presented results, future research
and the contributions I have made.
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stract

Ss es1 ma erte t a1 atio a Desi

This dissertation is concerned with the following issues relating to the nav-
igation and design of hypertext networks.

First, hypertext navigation is highly ine cient and often a frustrating
experience to users. Furthermore, the cognitive processes involved in human
hypertext navigation are poorly understood. The literature provides many
studies of the general factors involved in human hypertext navigation, but
does not establish how these factors are involved in the act of navigation. A
number of models have attempted to predict user navigation behavior, but
they are descriptive in nature they predict general characteristics of collec-
tive user navigation patterns, but do not address or model the mechanisms
involved in navigation.

Second, manual hypertext design has been shown to be highly ine cient
and uneconomical for large hypertext systems and web sites. Automated
hypertext generation systems mostly operate on superficial features of hy-
pertext content. Although some rules of thumb have been formulated, there
exist no methodologies to quantitatively assess the validity of manually as
well as automatically generated hyperlink structure.

hare o le e Pers ecti e

I propose we can further our understanding of human hypertext design by
studying them as activities based on a substrate of knowledge designers and
user share to a certain degree. This knowledge concerns concept relations
which can be translated in the mind of user and designer to hypertext doc-
ument relations. Human hypertext navigation can be then understood as

xvil



xviii CONTENTS

an optimization strategy based on this knowledge. Human hypertext design
can be understood as the designer’s attempt to apply this knowledge to the
implementation of hyperlinks in a collection of documents.

The presented work is based on the following assumptions which are sup-
ported by the literature on human-computer interaction, more specifically
the study of user and designer mental models:

1. Human hypertext navigation and hypertext design are based on user
and designer assessments of document relations.

2. These assessments are based on knowledge of concept relations which
users and designers share to a certain degree. The set of user assess-
ments of document relations is referred to as the User Mental Model,
the set of a designer assessment of document relations is referred to as
the Designer Mental Model.

3. Designers apply their mental model to the implementation of hyper-
links.

4. Hypertext users apply their mental model to navigate hypertext net-
works.

An aggregation of a group of user’s mental models is referred to as the
group’s Collective Mental Model.
I represent user mental models, collective mental models and designer men-
tal models by weighted, directed graphs. Hypertext documents often re-
ferred to as pages or nodes are represented by graph vertices, and their
associative relations by the graph’s weighted edges. Connection weights
expresses the degree of associative relation in the mind of either designer
or user. I represent hypertext network structure by unweighted, directed
graphs whose vertices represent pages, and edges represent hyperlinks. These
representations involve a reduction of the content of hypertext pages to single
vertices, and the many-to-many relations that can be expressed by hyper-
links to one-to-one graph edges.

laims a ort

Based on this framework, I will provide empirical support for the following
claims regarding the navigation and design of hypertext systems:
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1. A reduced form of hypertext can be made to adapt its hyperlink struc-
ture according to user hyperlink traversals so that it converges to a
valid representation of the users’ collective mental model.

2. Users apply a hill-climb strategy aimed at increasing the associative
weight value between a navigation path’s intermediate positions to a
pre-determined target, a process that can be modeled by a hill-climb
algorithm, i. e. the proposed hill-climb model of human hypertext
navigation.

3. The hill-climb model operating on a representation of the users’ col-
lective mental model can predict user navigation paths above chance
level and above levels predicted by the same algorithm operating on
an operationalization of the designer mental model

4. The success of this navigation strategy depends on the associative
weights between the path’s start and goal page

A specific experimental methodology is associated with each of these
claims.

Concerning claim 1 , I propose a methodology to adapt a hypertext sys-
tem’s hyperlink structure according to collective user hyperlink traversals,
without the intervention of a human designer. The methodology is based
on a reduction of hypertext networks to the above mentioned weighted,
directed graphs. Hypertext pages contain a header indicating the central
concept that represents the page, and a set of hyperlinks that are ranked
according to decreasing weight values. Hyperlinks are assigned connection
weights which are changed by three Hebbian learning rules that operate on
user hyperlink traversal patterns. Initial network structure is random.

I show that under such conditions, these adaptive hypertext networks re-
liably converge to a valid representation of the user’s aggregated user mental
models, a structure that I have referred to as the users’ collective mental
model. The structural properties of these networks are qualitatively evalu-
ated by a number of network measures such as cluster analysis, node cen-
trality and comparisons of hyperlink development for specific nodes. These
measures indicate the development of a well-developed and meaningful set
of page relations. The resulting hyperlink structures in addition correspond
moderately to other measures of concept or word relations such as Free Word
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Association Norms.

To assess the reliability and validity of network development, I imple-
mented a simulation of user hyperlink traversals which has trained a set
of adaptive hypertext networks using a static representation of a collective
mental model. Changes in the generated networks can thereby be attributed
to a divergence of network development. Results indicate a high level of net-
work development re-test reliability and validity.

Empirical support was generated for claims 2, 3 and 4 by an analy-

sis of the log files of a large web site. A set of page relations was constructed
from user request sequences as they were recorded in the web site’s log files.
This set of page relations was held to be a representation of the users’ col-
lective mental model.
User navigation path predictions were generated for all pairs of pages in the
web site according to the hill-climb model of hyperlink selections and the
generated collective mental model representation. User navigation paths
were reconstructed from a second, di erent web log file and compared to
hill-climb model generated path predictions. Results indicate the model ac-
curately predicts a significant number of user paths.

The significance of these results was assessed in two ways. First, the
hill-climb model path prediction success rate was compared to the expected
success rate for path predictions generated by a random navigation model.
Second, a set of alternative path predictions was generated by the hill-hlimb
model operating on a set of page relations derived from the hyperlink struc-
ture of the same web site. Results indicate significantly lower prediction
success rates for both alternative sets of path predictions.

Finally, the relation between navigation paths fail success rates and the
associative weight between the paths’ start and goal pages was shown to be
statistically significant. This result indicates that when a hyperlink struc-
ture corresponds to the strength of associative relation among two pages in
the users’ collective mental model, navigation will be more e cient in terms
of the path’s probability of locating a specific target page.

The last part of the dissertation is concerned with the implementation
of a spreading activation recommendation service as a demonstration of the
possible utility of the generated Collective Mental Models.



