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Preface

This book is primarily intended for expert system practitioners
considering whether to adopt cognitive emulation as a fundamental
design principle. More generally, it is intended for designers wishing
to tackle the emulation issues that arise in expert system projects in a
more informed way.

Considering also the emulation of human thinking in knowledge-
based expert systems, it is, additionally an exploration of the inter-
face between knowlege engineering and cognitive psychology. While
the differences between expert system design and psychological
modelling have occasionally been discussed, a detailed assessment of
the viability and implications of a cognitive approach to knowledge
engineering has yet to be carried out. The present book addresses this
issue, and is also intended as an introduction to the subject.

The following groups of people might also find the book of use:

Cognitive psychologists looking to evaluate the relevance of their
subject to the expert system field, and to compare and contrast
existing cognitive models of human expertise with applied expert
systems.

Others: those involved in the introduction of expert systems techno-
logy in commercial and industrial settings should find at least
Chapters 1, 3 and 4 helpful. Finally, persons interested in the debate
over the comparative nature of human and artificial intelligence may
find that this book throws a revealing sidelight on that controversy.

The treatment of psychological issues in this book assumes no
prior exposure to cognitive psychology. And while a familiarity with
the basic concepts and terminology of the expert system field is
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assumed, a short Glossary of key terms is included to assist the more
general reader. For introductory texts on expert systems Hayes-Roth
et al. (1983) and Jackson (1986) can usefully be consulted. An
extended introduction to modern cognitive psychology is provided in
Anderson (1985).

This book has arisen from a research programme for a higher
degree with the Open University. Over the last two years preliminary
versions of parts of this book have appeared as a technical report, a
conference paper, a review article (Slatter, 1985) and an Alvey
Workshop paper (Slatter, 1986). Various individuals made valuable
comments on these earlier efforts, and I would like to take this
opportunity to collectively thank them. Some remarks by Ben du
Boulay early on proved especially helpful. Thanks must also go to my
supervisor at the Open University, Tim O’Shea. I am particularly
indebted to John Fox, of the Imperial Cancer Research Fund, who
acted as external supervisor in this research project. However,
neither he, nor anyone else referred to, is responsible for the book’s
shortcomings — these are entirely attributable to the author. Finally,
I would like to thank the chairman of Telecomputing plc, Bernard
Panton, for making available the company’s resources in producing
this manuscript.

Philip Slatter
Oxford
January, 1987
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Introduction

1.1 WHAT IS COGNITIVE EMULATION?

Expert systems use artificial intelligence (Al) techniques to solve
problems ordinarily requiring human expertise. Cognitive emulation
refers to a strategy in expert system design which seeks to emulate
human thinking. A cognitive approach to knowledge engineering has
several distinctive features:

(1) It attempts to embody in an expert system not just the human
knowledge of a domain expert, but also the way an expert
represents, utilizes and acquires that knowledge.

(2) The principle of cognitive emulation is usually defined to include
the cognitive processes of system users, in addition to those of
domain experts.

(3) It is explicit. It enables the issues of expert and user emulation
that may arise during an expert system development to be tackled
in an explicit and principled fashion.

(4) Itattemptsto emulate, using Al techniques, any aspect of human
thinking that could assist in the construction of an expert system.
This might include details of human memory organization,
information processing limitations, problem solving and reason-
ing strategies, etc. It may also include emulation of the overall
organization, or “‘architecture”, of human cognition.

(5) Itdraws inspiration from empirical and theoretical investigations
of human thinking — in particular, from research in Cognitive
Psychology. The theories, hypotheses, computational models,
methods and techniques of this branch of psychological science
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(6)

(7)

(8)
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are adapted for knowledge engineering purposes.

It is a concern with the practicalities of knowledge engineering
(e.g. computational efficiency, modifiability, usability), which
principally distinguish cognitive emulation from the cognitive
modelling of psychologists.

At present, the influence of cognitive psychology on the expert
systems field is essentially as depicted in Fig. 1.1, with the

Cognitive L »l (Atificial
psychology intelligence

Expert
systems

Fig. 1.1 — Existing indirect link between cognitive psychology and
the expert systems field.

influence filtered through Al research. [Al scientists have capita-
lized on productive ideas derived from the study of human
intelligence and developed them into a technology for creating
artificial intelligence. Expert system designers employ this tech-
nology.] Adopting a cognitive approach implies supplementing
this existing link with a more direct one, as shown in Fig. 1.2.
Finally, ‘cognitive emulation’ is both a descriptive concept and a
prescriptive principle. As a descriptive concept, it can be argued
that most expert systems incorporate — albeit unintentionally —
many features characteristic of human knowledge processing
(see Section 3.1.1). As a prescriptive principle, ‘cognitive emula-
tion’ refers to expert system work in which an explicit strategy of
emulating human cognitive processes is followed. Furthermore,
the attempt should be based on some testable method, technique
or model — that is, not solely on the casual observations or
intuitions of the designer. It is with this latter, prescriptive
definition of ‘cognitive emulation’ that this book is primarily
concerned.
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Cognitive Artificial
Psychology —®  intelligence
models
hypothoses
methods
techniques
Expert
systems

Fig. 1.2— Additional direct link between cognitive psychology and
the expert systems field implied by the cognitive emulation principle.

1.2 CURRENT STATUS OF THE EMULATION APPROACH

Throughout their brief history expert systems have been loosely
modelled on the behaviour of human experts. However, systematic
attempts at simulating experts’ decision processes have only rarely
been reported. Two early exceptions are: INTERNIST (Pople,
1982),which modelled the clinical reasoning of a diagnostician in
internal medicine, and PSYCO (Fox, Barber and Bardhan, 1980), a
system for diagnosing dyspepsia that incorporated various known
principles of human information processing. The number of research
projects involving a significant element of cognitive emulation has
tended to increase in recent years (see, for example, papers in the
volume edited by Coombs (1984) and Chapter 5 of this book).
Similarly, the last few years have sezsn a growing awareness, among
leading researchers, of the potential benefits of modelling human
cognition more closely in expert systems(e.g. Clancey, 1984; Gasch-
nig et al., 1983; Fox, 1982; Kuipers and Kassirer, 1984). Research is
also underway to see how techniques developed in cognitive psy-
chology can be used to facilitate knowledge acquisition from experts
(e.g. Boose, 1984; Breuker and Wielinga, 1984; Gammack and
Young, 1984).

However, despite this upsurge of interest, applications of the
emulation principle in knowledge engineering are still the exception
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rather than the rule. Most of the best known systems — including
MYCIN (Shortliffe, 1976), PROSPECTOR (Duda, Gaschnig and
Hart, 1979), DENDRAL (Buchanan and Feigenbaum, 1978) and
R1/XCON (McDermott, 1982) — were constructed with little or no
explicit aim of modelling expert thinking. Outside of research-
oriented establishments there is, if anything, even less explicit
concern with cognitive emulation. In commercial applications of
today’s expert systems technology the emphasis is firmly on achieving
expert-level performance using formal problem solving methods.
This viewpoint is expressed in the technology-based definition of
expert sytems offered by Johnson (1984, p.15) : “a set of computer
programs which emulate human expertise by applying the techniques
of logical inference to a knowledge base” (my italics).

One reason for the current status of the emulation strategy
appears to be a general lack of appreciation among practitioners of
the possibilities and issues associated with the emulation approach.
But it could be argued that such an appreciation is not necessary.
After all, if an explicit strategy of emulation is not a precondition of a
successful expert system development — as systems such as DEN-
DRAL and XCON appear to demonstrate — what justification can
there be for adopting a cognitive approach? The pros and cons of
emulation are dealt with in Chapters 3 and 4. For now, it is sufficient
to point out that the objective of a well-articulated theory of know-
ledge engineering will only be achieved once all the relevant aspects
of the subject — including cognitive emulation — have been properly
evaluated. This book is intended as a contribution to this process of
evaluation.

1.3 OBJECTIVES
This book is designed to perform a number of complementary roles:

(1) Introductory text It is intended to introduce the subject of
cognitive emulation in a way that is accessible to the wider
knowledge engineering community — not just to research
workers familiar with this field.

(2) Decision support By making explicit the possibilities that exist
for cognitive emulation, to help knowledge engineers make more
informed decisions about adopting an explicit strategy of emula-
tion in their own work. At the very least it should provide an
informed basis for the handling of the emulation issues that can
arise during an expert system development.

(3) Feasibility study To investigate the viability of a strategy of



Sec. 1.4] SCOPE 13

cognitive emulation by exploring in detail the issues that arise
when a cognitive approach to expert system design is attempted.
This requires consideration of such questions as:

@ how do human experts actually solve problems?

@ is cognitive emulation a theoretical possibility?

@ what factors are likely to facilitate and constrain a cognitive
approach?

@ how should one decide when an emulation approach is worth
adopting?

@ what are the different approaches to emulation that have been
tried?

(4) Information source By supplying detailed references and an
extensive bibliography of some 200 items, to provide the reader
with the means to pursue particular lines of interest.

1.4 SCOPE
The scope of this book reflects these objectives:

First of all, the question of cognitive emulation is examined
primarily from an (knowledge) ‘“‘engineering” perspective. So,
although the long-standing, and essentially philosophical, debate
about the possibility of emulating human thinking in artificial systems
is briefly referred to, this book is not directed to a further consider-
ation of such meta-issues. Clearly, though, a book about cognitive
emulation in expert systems is making a key assumption: namely, that
in principle at least, computational models of human thinking are
possible. Fortunately, this is an assumption shared by most workers
in Al and cognitive science.

Second, this book is selective in which aspects of human cognition
it deals with. Discussion focuses on cognitive processes relating to the
‘““core” expert system topics of knowledge representation, knowledge
acquisition, inferencing methods and system architecture. In the
future, the human-like capabilities of expert systems are likely to be
significantly enhanced by developments in such Al fields as natural
language processing, vision and robotics. But these areas are not
among the central concerns of knowledge engineers at present, and
so are outside of the scope of this book.

The emulation principle is concerned with modelling human
thinking in general, and the cognitive processes of selected categories
of people in particular. Clearly, for the designers of computer
systems intended to simulate expert-level performance, human
experts are of primary interest. A whole chapter of this book is thus
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devoted to reviewing our present understanding of human expert
thinking — as revealed by research in cognitive psychology. The
other group to be singled out consists of the users of expert systems. It
is now widely acknowledged that the acceptance of an expert system
can critically depend on the system being designed in accordance with
the expectations, knowledge and preferences of its intended users.
However, questions of user emulation can arise with most kinds of
interactive computer system — not just expert systems. So it is not
surprising that the subject of user cognition and its emulation have
long been of interest to researchers in human-computer interaction
(see, for example, Hammond and Barnard, 1985). The discussion
here is restricted to user emulation as it relates to expert system
design.

In general, the subject of cognitive emulation in this book is dealt
with at a conceptual rather than an a detailed implementational level.
So, in discussing applications of the emulation principle, attention is
centred on the ideas and concepts involved, the success or otherwise
of the project, and any general problems encountered in implement-
ing cognitive constructs. For details such as the programming tech-
niques employed, the reader should consult the supplied references.
Similarly, the results of research in cognitive psychology are pre-
sented in a condensed format. Such a presentation is necessary here
— but at the risk of masking the true complexity of the psychological
issues involved. Again, the interested reader should consult the
supplied references to obtain a fuller analysis.

1.5 PREVIEW
The remainder of this book is organized as follows :

Chapter 2 reviews psychological research on human expert think-
ing. This provides a baseline for comparisons with machine expertise
in subsequent chapters. To provide some background for those new
to this area, the study of expert thinking is placed in the context of
modern cognitive psychology. Next, the principal methods and
techniques employed by psychologists examining expert cognition
are examined. The remainder of the chapter is given over to a review
of the published literature on the nature and development of human
expertise.

Chapter 3 reviews the main arguments for and against cognitive
emulation in expert system design. The tentative conclusion reached
is that a significant degree of emulation is inevitable, but that a pure,
unselective strategy of emulation is neither realistic nor desirable.
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Chapter 4 examines the prospects for cognitive emulation from a
more pragmatic angle. Several factors are identified that represent
constraints on the usefulness of a cognitive approach. Special empha-
sis is given to detailing areas of conflict with other knowledge
engineering objectives. However, a second set of factors is identified
which should facilitate an emulation strategy — especially in the
longer term. Some guidance is given on when to seriously consider
adopting an emulation strategy.

Chapter 5 is the longest chapter. It presents a critical survey of
expert system research that has already addressed the emulation
issue. Six basic approaches to cognitive emulation are distinguished
and evaluated. This helps draw out in more detail the implications of
an emulation strategy for knowledge acquisition, knowledge rep-
resentation and system architecture. The chapter concludes by dis-
cussing the issues that arise when different approaches to emulation
are combined. Some guidance is offered on how this might be
achieved.

Chapter 6, the last chapter, summarizes the main themes and
issues to have emerged. This is followed by a summary of the design
advice contained in the book.
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Human expert thinking

2.1 INTRODUCTION

This chapter presents an overview of research on expert thinking and
how it develops. The principal source is research in cognitive psy-
chology. The chapter has three main objectives:

(1) Appreciation. It will indicate what a full commitment to a
strategy of cognitive emulation in expert systems development
could entail. This should provide an informed basis for the
discussion of the emulation strategy in later chapters.

(2) Heuristic. It attempts to fulfil a heuristic role — showing how
cognitive psychology can function as a useful source of ideas in
expert system design.

(3) Corrective. It will aim to correct certain common misconceptions
about the nature of expert thinking and what distinguishes it from
novice thinking.

The following statements reflect some widely held beliefs about
human expertise:

@ Human expertise is acquired through experience.

@ Human expertise is something mysterious and inexplicable.

@ The superior performance of experts is based on superior intellec-
tual ability.

@ Experts reach conclusions by making a series of logical deductions
based on the available evidence (Sherlock Holmes is a classic
example from popular fiction of this view of the expert).



