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Abstract

The thesis begins with a consideration of what multitasking might mean, and derives a
definition to be used in the rest of the thesis. The goals of the thesis are laid out - to
develop a model, in the context of Cognitive Ergonomics, which has the properties of
generality and utility. A consideration of this context along with the nature of models leads
to the proposal of a heuristic strategy for developing a model with the desired properties.

A prototype model is proposed based on a consideration of literature drawn from
Psychology, Computing, Al and Operations Research. The developmental strategy is then
implemented through three successive iterations. Each iteration is observation of the
multitasking behaviour associated with a real job, using concurrent verbal protocol
techniques. The choice of jobs can be understood in terms of the development strategy.
All the jobs observed possess certain key attributes, but crucially differ in their other
attributes. The jobs observed are cooking, computer operations and railway signal control.

The final model represents multitasking as the allocation of resources to tasks over time. In
this model, the person has two roles - as a controller and also as an effector. In the latter
case, the person is modelled as a pair of resources.

The plausibility of the recruitment of the knowledge in the model for the purposes of design
is then evaluated experimentally, providing a partial measure of the success of the
developmental strategy.

The thesis ends with a summary and assessment of the model and of the strategy, together
with a review of some additional areas of literature relevant to its final state.
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Introduction

Prologue

This chapter outlines the area of interest which will be pursued in the thesis, and why
this is thought to be worthwhile. It provides an outline of the contributions of each of
the following chapters, and an initial conception which allows the derivation of a
definition of multitasking.

Contents
1. Overview
2. The Layout of the Thesis

3. Towards a definition of Multitasking

1. Overview

This thesis is concerned with the development of a model of multitasking behaviour.
The notion of ‘multitasking’ will be discussed in greater detail below, but the
following simplified example should serve to indicate the broad area of interest and the
importance of enhancing our current understanding of such behaviour.

There are many examples of jobs which could be thought of as entailing multitasking
behaviour. An easily comprehended example is that of a secretary or personal
assistant. Such a person's job would typically include the preparation of documents
(letters etc), the management of files, receiving visitors and answering the telephone.
Instances of these tasks would constitute the multi-tasks, but such a collection takes on
an additional dimension when it is necessary to interleave these tasks. So, for
example, it might be necessary to pause in the middle of writing a letter to answer the
telephone, or the writing of a letter might take several days to complete because the
necessary information must be assembled and thus be carried out discontinuously with
other tasks. The list of such examples is extensive and in this case probably easily
imagined.
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The point is that there has been much effort expended in trying to understand the
behavioural phenomena associated with at least some of the individual tasks alone
(e.g. Cooper 1983 on typing or Beattie and Barnard 1979 on telephone dialogues), but
little or no research has been directed towards attempting to document any additional
phenomena emerging as the result of the combination and interleaving of a number of
such tasks.

The number of jobs entailing interleaving of tasks is already large. In an industrial
society in the process of computerisation and automation, this might be expected to
increase; the supposed reduced workload associated with the tendency towards
supervisory roles could lead to the combining of responsibilities and thus tasks for
reasons of economy. The effects of inefficiency are likely to be expensive in human
(i.e. job satisfaction) as well as purely economic terms.

The lack of knowledge concerning the management or coordination of several tasks at
once, coupled with its high incidence in the world of work and the potential impact of
inefficiency in one form or another constitutes the rationale for the present study.
Given this rationale, the context of the study must also be understood.

Whereas Psychology itself might be justly characterised as being interested in
understanding behaviour as an end in itself, Cognitive Ergonomics (indeed
Ergonomics in general) could be characterised as aiming to understand behaviour with
a view to employing such knowledge to improve performance in the workplace.
Although the possible applications of knowledge of multitasking or interleaving
behaviour in the case of the secretary might seem trivial, it must be remembered that
improvements in job satisfaction are a perfectly legitimate goal, especially considering
the number of secretaries there are. It is perhaps easier to relate to the case of, for
example, the solo pilot or the shift leader in a nuclear power station control room,
where any negative consequences of multi-task interference might be sufficiently
costly to warrant ergonomic intervention.

Although the content of this thesis is largely psychological in nature, it is so from the
perspective of cognitive ergonomics. As such it is concerned with behaviour
associated with the workplace and will choose to observe behaviour in as natural a
setting as possible, sacrificing the fidelity and control normally associated with
reductionistic psychological experimentation in favour of potentially richer
observational data (see Chapter 2 for a lengthier discussion of this).

The aim of the thesis will be to develop an understanding of multitasking behaviour.
This understanding will take the form of a model, which will be general - to the extent
of being abstracted from any particular instance of multitasking. However, developing
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such a model is not readily prescribed. For this reason, the meaning of general in the
context of models and cognitive ergonomics will be explored and a rationale for the
development of such a model constructed. To the extent that the model developed in
the course of the thesis satisfies the initial aim, then the rationale is tested.

The Layout of the Thesis

The project reported in this thesis was concerned with the development of a model of
multitasking behaviour. As such, the product and the process of the project constitute
two equally important contributions. Itis for this reason that the format of the thesis is
as an historical account of the development of the model. Only in this way could the
developmental process be adequately documented.

There is one potential disadvantage to plotting such a course of evolution, which is that
the thesis will have to contain the imperfect early versions of the model that failed to
survive. It is difficult to write such an account without feeling the need to change
these early imperfections, which form such an important part of the development
history. An effort has been made to minimise this.

The rest of this section is an overview of the contents of the thesis, and then the
remainder of this chapter is given over to a discussion and derivation of an initial
definition of multitasking.

Chapter 2 provides a discussion of models and generality in the context of Cognitive
Ergonomics, deriving a rationale for developing such a model. This then forms the
basis for the rest of the work reported in the thesis.

Chapter 3 takes the initial definition of multitasking and the stated context of the
research (Cognitive Ergonomics) and identifies several potentially relevant areas of
knowledge. This knowledge falls largely, but not exclusively, under the heading of
cognitive science knowledge. The literature associated with these areas is sampled and
reviewed to produce a specification for an initial model. Such a model is then
described.

The emphasis, in developing the model in this project, is that it should be based as
much as possible on observational data. The initial model presented in this chapter is
therefore only a prototype, constructed to facilitate the analysis of subsequent
observational data. The literature review upon which it is based is therefore not

exhaustive.

Chapters 4, S & 6 are three observational studies and thus three stages in the
development of the model. Each study concerns a different aspect of multitasking, as
demanded by the development rationale of Chapter 2. Chapter 4 is concerned with

10



multitasking behaviour in cobking, Chapter 5 with such behaviour in the periodic
backup job of a mainframe computer operator, and Chapter 6 is an account of the
multitasking involved in the job of a railway signalman in the signalbox of a busy
terminus station.

Note: all the chapters concerned with the development of the model (i.e. chapters 3-6,
inclusive) will all follow the same basic format. The rationale of Chapter 2 treats both
a person and a model as a black box, producing a certain output behaviour for a given
input behaviour. The specification of the particular instance of multitasking constitutes
the Input; the observed, or in the case of the literature review of Chapter 3, inferred,
phenomena being the Output. The general scheme for such a chapter will then be to
present the Input, in terms of a specification of a particular instance of multitasking,
followed by the details of the data acquisition, and then discuss the Output as the
observed phenomena. This is followed by an account of a model proposed to behave
in such a manner. In short, the sequence will be Input; Study Particulars; Output;
Modelling.

The modelling process is not totally data driven in this way, and each model will have
its inherent shortcomings. These will also be discussed as appropriate.

Chapter 7 provides a test of both the model and the rationale in that it attempts to
demonstrate the recruitment of the knowledge in the model to the design process. The
chapter presents an experimental study in which subjects played a computer game
requiring them to multitask. The model is used in the design of variations to the
interface, thus providing the experimental manipulations for different groups. The
recruitment of the model in this way is judged to have been partially successful. This
is discussed.

Chapter 8 is the final chapter of the thesis. It starts with a summary of the model
which has been developed, in its final state. This is followed by an assessment of the
model as a product, with respect to the initial aims of the project, and then also the
process used to develop the model. The rationale allows that the definition of
multitasking will change as the model develops. Consequently, there are areas of e.g.
the psychological literature additional to those reviewed in Chapter 3 which are now
relevant. These are reviewed as they apply to the model in its final state. It is apparent
that there is a degree of convergent evolution in the development of this model. The
relationship of the thesis to Cognitive Ergonomics in general is also considered.

Towards a Definition of Multitasking

The word ‘multitasking’ will be taken to be a computer science jargon term. It is used
in the current context since as a compound of ‘multi’ and ‘task’ it adequately captures

11
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the essence of the class of behaviour of interest - namely being concerned with more
than one task, and also because there is no other suitable candidate term.

The purpose of this section is to provide an initial definition of multitasking. It is
thought that this definition will be altered as the project progresses and the
understanding of the behaviour it encompasses is advanced. However, an initial
definition is essential as it enables at least the following:

* achoice of instances of behaviour to study

« the identification of relevant areas of existing knowledge - in the form of, for
example, the psychological literature

+ the identification of analogous systems (in the general sense) for the purposes of
modelling

To produce such a definition, the intention is to start with a lay definition, and
progress on to considering some of the implicit terms (such as task and job) more
carefully. What will need to be made clear however, is what exactly constitutes a task
or an activity such that several together may or may not be considered to be an instance
of multitasking.

The lay definition of multitasking, which gave rise to the project, is easily expressed as
“doing more than one thing at once”. Everyday instances of such behaviour are
plentiful, and include cookery and the job of a typical secretary, for example.

It will be shown that there is not as yet a single, recognised, suitable definition of a
task. Fleishman (1975) in fact suggests that we should not attempt to look for the
definition of a task, but rather we should accept that many are possible and we should
therefore concentrate on developing an adequate classification scheme for the
purposes. The intention here is to review some of the various ideas such that the
relative strengths and weaknesses of the position to be adopted here can be better
understood. In particular, there are some general issues and then issues specifically
associated with using hierarchical descriptions.

The first point of potential confusion is the mismatch between what the performer sees
as the task, and what the task really ought to be. Miller’s (1967) definition of a task as
“any set of activities, occuring at about the same time, sharing some common purpose
that is recognised by the task performer” would be one example of the former.
Examples of the latter could be found in e.g. training manuals. Fleishman and
Quaintance (1984) make the distinction between external and intrinsic definitions of
tasks. Intrinsic tasks are defined with respect to the person’s perceptions and needs,
and are therefore subjective. An external definition is concerned with what is imposed

12
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on the performer. In Reason’s (1987) scheme, mismatches between the intrinsic and
external tasks would be apparent as ‘mistakes’.

Some authors, at least implicitly, use the term task to refer to the external definition,
and the term activity for the intrinsic definition - see for example, Cypher’s (1986)
discussion of the organisation of activities from an introspective point of view
(discussed later in this thesis). For the present, the terms activity and rask will be
taken to be synonymous, and for definitional purposes will centre on an external
definition.

A common conception throughout linguistics and ergonomics (e.g. Task Analysis) is
that it is possible, and useful, to describe action hierarchically (specifically,
Hierarchical Task Analysis, Annett et al 1971).

A comprehensive example from linguistics is that of van Dijk (1980). It is presented
below for this reason, since some of its facets illustrate many of the important issues,
and also as an example of the general class of hierarchical analyses. However, as will
become clear, it is not itself able to provide a suitable basis for defining multitasking.

What distinguishes van Dijk is his rationale, the basics of which are as follows. He
begins by setting out what is meant by an action. It is not necessary to spell out this
derivation in detail, save to say that it starts by considering ‘events’ in the world, and
covers intention, purpose and even omission (which is an action in itself for him). He
uses the term ‘macrostructure’ to refer to a higher level description of action, although
to understand this, it is necessary to see how he derives such structures - in other
words, how he proposes that the hierarchical tree be formed.

The rules for the derivation of a macrostructure fall into two parts. Firstly there are the
rules that allow an action sequence to be abstracted from a “bundle of human activity”.
A sequence is a set of actions that are related to each other, for example, temporally or
conditionally; in other words that is ordered by certain relations. Examples of such
relations would be: connection, which refers to the way that one action forms the
necessary precondition for its successor; coherence, which entails, for example, that
there is a common time and/or place shared by successive action; and orientation,
which is concerned with the relationship of the goal of a particular action to those of
the rest of the actions in the sequence. It is maintained that a sequence is a set of
actions which are all performed by an agent with the purpose of realizing a goal that is
the result (or the consequence) of the last action of the sequence. This goal (of the last
action of the sequence) is the sequential goal. It follows that, indirectly, this sequential
goal is shared by all the previous actions of the sequence. This sequential goal
represents a strong coherence dimension to a sequence of actions.

13
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After the abstraction of the action sequences, the second stage is then the application of
Macro Rules, which allow macroactions to be derived from such sequences. A
macroaction is thus a coherent sequence of actions (or macroactions) taken as a whole.
Examples of Macro Rules for the derivation of higher level macrostructures from
lower level representations of activity would include Deletion, in which aspects are
rendered implicit and taken for granted, and Generalisation. In a way, these rules are
echoed by Sebillotte (1988) when she states that asking why takes one up a level
whereas asking how takes one downwards in a hierarchy of goals.

It would seem reasonable to try to define multitasking as being concerned with a
second or subsequent task before the first one has been completed. Unfortunately,
this still leaves unanswered the question of what level to cut across the hierarchical
tree, i.e. whether it is better to conceive of multitasking as a large number of tasks
defined at a low level, or fewer tasks described at a higher level. It is important to -
determine an appropriate level of description since too high a level may leave much
interleaving of interest implicit at lower levels, and conversely, too low a level may
introduce too much detail, obscuring the phenomena of interest.

This problem has been raised numerous times in the literature, with differing
solutions. Annett et al (1971) view the problem of what constitutes an appropriate
level as “one of the most difficult features of task analysis” (p 6). Card et al (1983) go
as far as to suggest that it is impossible to determine the appropriate grain of analysis a
priori. Gagné (1977) is a little more optimistic, and suggests that the degree of
specificity of task description should be solved by considering the purpose of the
description. This, as will become clear, is the generally adopted solution underlying
the development of so-called stopping rules. Duncan (1975), for example, suggests
that we should not attempt to define levels of description, since psychology is not able
to support this, rather we should proceed from a general to a specific level of
description with some rule of when to stop.

The original Hierarchical Task Analysis (HTA) of Annett et al (1971) incorporated
what has become known as the ‘P x C’ stopping rule. This particular application of
HTA was concerned with supporting training decisions, and a measure of whether it is
worth redescribing a task is given by multiplying the probability that the person will
get it wrong by the cost of getting it wrong. In practice, the P x C rule can be difficult
to use because of the requirements of expert judgement and knowledge of the tasks in
question (Stammers et al, 1990). There have been other suggestions for rules.
Hodgkinson and Crawshaw (1985), combined the P x C rule with stopping when the
implications for training became clear. Similarly, Shepherd (1976) combined the P x
C rule with stopping when a satisfactory training method was already available.
Shepherd and Kontogiannis (1987) advocated stopping at the point which describes
14
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the operations through which the operator interfaces with the system - for example,
opening a valve or throwing a switch. All of these applications have been in the area
of training. Piso (1981) adapted HTA for analysis of complex process control tasks.
He rejected the P x C rule in this adaptation as being inappropriate, and instead,
continued redescribing the tasks until they were clear to both the operator and analyst.

What is clear here, is that none of the above are appropriate for the present needs of
defining a level at which to stop - there is no intention, for example, to try to estimate
costs and probabilities or error associated with each task.

In principle it ought to be possible to establish a criterial use of van Dijk’s macro rules
instead. In such a scheme, the application of particular rules would constitute a
criterion for deciding that a particular sequence had meaning in its own right. In
practice this would require a very comprehensive hierarchical expression of the task to
begin with. It is thought that the cost involved is unlikely to justify what would, after
all, only be an arbitrary criterial solution.

For the present purposes, the hierarchical levels of description of action will be
equated with timescale. Tasks at lower levels of description, i.e. further down
branches of the tree, are likely to be of shorter duration than those which they
constitute - i.e. the macroactions. It is proposed that the duration of the task will serve
as a measure of its level of description, and to use this as the basis of a simpler
criterion based definition of multitasking. It is obvious that activities can be
interleaved at all levels, from years and months down to seconds and possibly less for
individual movements. Whether there is interleaving or true parallelism at this lowest
level depends to some extent on which psychological conception one favours.

However, it should to be possible at least to approximate the appropriate timescale for
the current definition given its objectives. Given the context of Cognitive Ergonomics,
the appropriate timescale will be taken to be of the order of hours and minutes. (This
is not to say that Cognitive Ergonomics cannot legitimately be concerned with very
short timescale activities, such as those involved in speech recognition for example.)
The upper bounds of this region derive from the fact that Cognitive Ergonomics is
primarily concerned with the workplace which is usually occupied for periods of
around eight hours at a time.

It is proposed to use the term job to refer to a collection of tasks, and thus jobs of
interest will have durations in a region extending from several minutes to several
hours. This would be in agreement with Annett et al’s (1971) use of the word, where
the assignment of a set of tasks to a person defines his job. A job is thus a person
oriented concept.

15



It is important to note that there need not be the same relationship of a job to its
constituent tasks as there is of a task to its sub-tasks. The latter depends on a
hierarchical concept of action, as described above, whereas the former can be merely a
collection of such tasks. However, it could be a collection of tasks at any level of
description - it is therefore important to be clear about what constitutes a separate task
within a job.

It would seem sensible to consider a job to consist of those tasks at the highest level of
description. This of course ensures that a job consists of a set of tasks each of which
addresses an independent goal. If a job is defined as such a collection of tasks, then
multitasking could more obviously be defined in terms of a sequence of actions in
which the achievement of such independent goals is interleaved. An example of such a
job might be that used by Hayes-Roth and Hayes-Roth (1979), where the tasks would
be such things as “have lunch”, “do shopping”, “visit...”, etc (i.e. all fairly
independent). Choosing instead to define the level description of tasks in terms of
timescale has the advantage that aspects of other jobs, at a lower level, can be
considered to involve multitasking. For example, a process controller whose job
might involve the tasks of “optimise production” and “rectify problems”, may exhibit

interesting behaviour in the interleaving of subtasks at a level below one of these tasks.

To summarize, multitasking will be taken to mean being concerned with another task
before the current task has been completed, where a task is defined in terms of the time
it takes to accomplish. Using van Dijk’s terminology, multitasking would be manifest
as a sequence of activities which do not necessarily share a common sequential goal.

The consequences of such a definition of a task within a multitasking job will depend
on whether such a degree of detail is demanded for the intended function of the model
which will be developed. It should also be remembered that the definition of
multitasking is expected to develop as the model is developed and that this definition is
merely for the purposes of an initial starting point. The reader is also directed to the
discussion of task and hierarchies in the context of the acquisition of skilled or routine
behaviour, in Chapter 8.

This chapter has described the intentions of the research presented in this thesis,
together with an outline of the way in which it will be presented. The second half of
the chapter has been concerned with a discussion of how to define multitasking, and
an initial definition has been proposed. This definition is weak and somewhat
arbitrary. It will become apparent that it does, however, serve its purpose of enabling
some initial study. Chapter 5, which is concerned with the second observational
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study, describes a revised and much different definition which remains in force for the
remainder of the thesis.
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Chapter 2

The Method

Prologue

This chapter presents a discussion of the context of the research - i.e. Cognitive
Ergonomics, and also of models in this context. It develops a (heuristic) method for
the development of a model with certain desired properties. The role of ecological

investigation is discussed.

Contents
1. Introduction

2. Cognitive Ergonomics
* Science
* Engineering
* Craft

3. What is a model?
3.1. Model-1
3.2. Model-2
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1. Introduction

The aim of this chapter is to take the goal of the PhD (to develop “A General Model
Of Multitasking”) and to specify more carefully what it means, in the context of
Cognitive Ergonomics, so that a suitable method for attaining the goal can be
formulated.

Although there are many definitions of ‘model’, it will be shown that there is a
common theme, and where there are slight alternatives, a choice will be made such
that a working definition of a model can be arrived at. The properties of such a
model will then be considered, including its advantages over alternatives, its
goodness, and so on. In a section which then follows, the idea of generality with
respect to such a model will be considered. When all these points have been
addressed and a workable view of a model has been established, a method for
optimizing the development of such a model, given certain other criteria, will be
presented. Finally, the role of ecological validity and different approaches to data
gathering will be addressed. However, first of all it is necessary to state and define
the context for the whole discussion, i.e. Cognitive Ergonomics.
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2. Cognitive Ergonomics

The broad discipline of Ergonomics is characterised by Long (1987b) as one which is
concerned with optimising the relationship between people and their work. This is
achieved through using scientific knowledge and techniques. Subsequently, Long
makes the distinction between Traditional Ergonomics, which draws on the scientific
knowledge of Biomechanics and Experimental Psychology and so on, and Cognitive
Ergonomics (CE), whose main influence is Cognitive Science. He suggests that the
impetus for this new type of ergonomics was not the rise of Cognitive Science alone,
but also the advent of computer technology.

It would be easy to misunderstand Long (1987b) and conclude that CE only
addresses situations in which there is a computer - a position which is not accepted in
the current context. The paper is probably better understood as a description of the
origins of CE. It is interesting to note that Long ends his discussion by
recommending CE as an approach for psychology more generally (because of the
former's emphasis on behaviour in real-world tasks etc). It is plainly absurd to
conclude that he intended that psychology should only be concerned with the
behaviour associated with interaction with computers.

A discipline has arisen which is exclusively concerned with the ergonomics of
working with computers - ‘Human Computer Interaction’ (HCI), and much effort
has been directed towards establishing the nature of this discipline and how it should
conduct itself. Although, as has been said, the current context is firmly in cognitive
ergonomics, it is worth considering the relationship of CE to HCI, for the purposes
of drawing on its conceptions.

Firstly, it is maintained that CE and HCI are not the same thing - although HCI might
be regarded as a subset of CE. Long and Dowell (1989) present a characterisation of
HCI which divides the subject into those aspects concerned with modifying the
behaviour of the person in the interaction with a computer (in a work system), which
they term Human Factors (HF), and similarly, those aspects which are concerned
with modifying the interacting properties of the computer - Software Engineering
(SE). There is an obvious correspondence between CE and their HF, or at least that
portion of CE knowledge which intersects with so called HCI knowledge. Given
this relationship, there would appear to be no reason not to borrow from current
conceptions of the HCI discipline for the purposes of understanding CE.

From the writings of Long and Dowell (1989) and Long (1986 & 1987b), CE will be
taken to comprise 3 disciplines: Science, Engineering and Craft.
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« Science

For the present purposes, there are two features of the science paradigm as described
by Long which are important:

a) scientific knowledge is required to be public - i.e. explicit.

b) the aim of science is to establish truths concerning the world, where ‘truths’ would
be descriptive, explanatory and predictive.

» Engineering-

Engineering will be considered, as in Long (1986) to be the knowledge and practice
involved in the application of scientific knowledge to the development of artefacts.
There are similarly two important features of the engineering paradigm:

a) its knowledge must be public.

b) the aim of engineering is to produce a working artefact. This contrasts with the
science paradigm in which the aim is for a proposition to be true.

» Craft

Craft differs from the above paradigms in that its knowledge is not required to be
public. Otherwise it can be thought of as similar to engineering as its aim is the
development of artefacts.

The term model will be discussed and defined below, but for the present it can be
said that it will be taken to be an example of public knowledge (contrary to some of
the uses of the term, as for example in “user’s mental models™). As a consequence, it
only has a relevance with respect to the paradigms of science and engineering; craft
will not be considered further.

3. What is a model?

This section attempts to put together a useful definition of a model. This will be done
in general, and not with specific reference to the paradigms of science or engineering.
That discussion will be left to a subsequent section which addresses what makes a
good model. From reading the literature it could be said that there is a consensus on
one point at least - the lack of a precise definition. [For example Marx (1976) defines
a model as a particular type of scientific theory - but then Hawking (1988) describes a
theory as a kind of a model.]
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To achieve its goal, this section will draw mainly on two frameworks - Warr (1980)
and Long (1987a). A framework is not itself a model, but rather an analytic structure
which “characterises the objects of its scope” (Long 1987a), providing a basis upon
which different models can be discussed and compared, and is thus exactly what is
needed for an abstract discussion of models. The intention is to show that there is
also a common theme, upon which it is possible to build a more precise definition for
the purposes of this project.

Warr (1980) distinguishes two uses of the word ‘model’ - which he conveniently
labels model-1 and model-2.

3.1. Model-1.

In non-scientific terms, an example of a model-1 would be a scale model of an
aeroplane or train. The important property of these models is that they are direct
representations of of the object (i.e. plane, train or automobile). In scientific terms,
such models would include most of what are called theories. “The models are
systematic conjectures about a part of reality and the attempt to simplify that reality
within a network of thought” (Warr, 1980, p295). Warr points out that the way the
word ‘model’ is used by psychologists is often to signify a limited or provisional
theory.

3.2. Model-2

A model-2 would be an analogy, imported from some other sphere, used to assist in
thinking about the unknown or unfamiliar. An example of such a model-2 in
psychology would be the use of a telephone switchboard to model attention (see
Marx 1976). If models-1 are direct then models-2 are indirect representations.

This definition of a model accords well with the definition of a model as a particular
type of theory by Marx. Thus for Marx also, a model acts as a guide to research: it is
an analogy borrowed for the purposes of proceeding ‘as if’ it were the case in the
new domain, and with no intention of changing the analogy with respect to its source
(in other words, work on attention using a telephone switchboard model was not
used to change how telephone switchboards work). Marx also makes the point that
the term ‘model’ is used outside this particular definition where it takes on a broader
definition as a theory (i.e. a model-1). There is then a general agreement between
e.g. Marx, Hawking and Warr: a model is both a type of theory and at the same
time, a theory is a particular sort of a model.

There is an important difference, agreed upon by Warr and Marx (if one aligns the

latter’s definition of a model as a particular type of theory with the former’s), in that a

model-1 is formed by examining the reality and then generating the model to interpret
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what is known. This is in direct contrast to a model-2, which uses an analogy
borrowed from somewhere to suggest ways of looking at and interpreting the reality.
This is what is meant by describing the models as direct and indirect.

The relationship between models-1 and models-2 is not fixed. Whilst they both have
their own uses independently, a model-1 in one field of research can be borrowed to
become a model-2 in another field. Similarly, the distinction can also blur in the
other direction. “The process of interbreeding which takes place during sustained
application of a model-2 to a prior theory often begets a framework in which the
origin of the components is no longer clear” (Warr, 1980, p299). The same structure
may switch its class membership and its classification as a model-1 or a model-2 is
really dependent on its function at the time.

Having established that there are two ways of looking at a model, and that this is
broadly a consensus position, the need now is to consolidate this into a more precise
definition. To this end, the following characterisation of models offered by Long
(1987a) is introduced.

Long defines a model as a representation of an entity:
A model ‘M’ is a representation ‘R’ of an entity ‘E’, which he writes as:
M -> R(E)

The entity E can be thought of as having attributes (Ai...An), and the representation
R of having attributes (ai...an). The set (ai...an) is a systematic reduction of the set
(Ai...An) - in other words, the model only has some of the attributes of the thing

being modelled. The reduction is systematic, and reflects the purpose of the model.

The full characterisation of models, by Long, is as follows:

“A creator C creates with purpose P a model M expressed as a representation R of an
entity E for a utiliser U”.

Note that Long’s characterisation of a model is independent of whether the model is
classified as a model-1 or a model-2.

(This characterisation will be used again below when the question of what constitutes
a model is addressed, and also how a model may be general.)

The final contribution to a derived definition of a model is that of the Oxford English
Dictionary. This provides admittedly a non-scientific, non-specific definition, but
makes explicit one important feature. The definition is *“[a] simplified description of a
system to assist in calculations and predictions”. The important word here is
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‘system’, and the important attribute of a system will be taken to be that it embodies
the interactions of its constituent parts - it has a certain measure of gestalt.

To summarize the definition of a model which will be used in the rest of this thesis:

A model is a system, with certain attributes, which it has in common with another
system. The model is thus said to represent that system. The form that a model takes
will be related to its intended function, and its classification as either a model-1 or a
model-2 could be taken to be indicative of its state of development (models-1 being
more direct representations of the target entity and thus, for some purposes, more
desirable).

3.3. A Model as a Black Box

It useful to consider a model as a ‘black box’ as well as all of the above. The
apocryphal black box is a device which accepts an input and produces some output
based on this. The point is that at this level of description, the mechanism by which
it accomplishes this is left unspecified.

Before presenting a model as a black box, it is worth presenting a person as a black
box:

Behavioural

Scenario Phenomena

Fig. 2.1. A Person as a Black Box.

Notice that the stress would be on the lack of a 1:1 relationship between any one
feature of the scenario and any one behavioural phenomenon. This is the point that
was introduced above concerning viewing models as systems - the person is viewed
as a system, so the output need not be related to the input in a simple manner.

The above diagram (Fig. 2.1.) can be modified to introduce a model (of the person -
ie the person is Long’s Entity):
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Behavioural
Phenomena 'P'

Scenario

Behavioural
Phenomena 'M'

A Model and a Person viewed as a 'black box' process, taking the
attributes of a Scenario as input and producing Behavioural
Phenomena as ouput.

The more nearly Phenomena M equal Phenomena P the better
the model could be said to be.

Fig. 2.2. Diagram comparing a Person and a Model as Black Boxes.

Note that Fig 2.2. is a very simplified representation of a model; for example there is
no stated purpose or utiliser. Also it is not the intention to imply a strict modelling of
an individual person.

A model is only a restricted representation of an entity (in Long's terminology, its
attributes are a subset of the entity's), and so the Phenomena 'M' can only be
expected to be a subset of all the behavioural phenomena of the entity (ie person).
The goal in constructing a model must be for the phenomena, with respect to the
attributes being modelled, to be as identical as possible.

4. Why NOT construct a model?

There are many examples of models in Cognitive Ergonomics/HCI (see e.g.
Whitefield, 1987), but it is worth asking whether there are any arguments against this
practice. Such a consideration would at worst (i.e. the best argument) result in
abandoning the idea of modelling, and at best (i.e. a poor argument) add weight to
the case for modelling by virtue of forcing the argument to be explicit. The intention
is that this section acts as a Devil’s Advocate.

The only argument purely against models encountered, as distinct from arguments as
to what would constitute good and bad models (which will be dealt with in the
following section) is that of Kelvin (1980). Kelvin has a view of models which
would conform to Warr’s model-2 (i.e.analogy). He presents an argument intended
to discourage the practice of such modelling (within limits) in psychology.
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The first, and minor, strand he terms parasitism. This is an accurate use of the word
since there is not intended to be any benefit for the science donating the analogy, but
potentially suffers from being an emotive word. This strand reflects concern over
borrowing from a well established science to gain respectability by association. This
is indeed something which must be taken seriously; for example it is tempting to
confer a greater level of importance upon a proposition expressed as a mathematical
function over the same expressed in words. The second, and more important, strand
concerns his view of the development of the sciences and ultimately psychology.

He asserts that the quest for systematic understanding reduces into a need to gain a
systematic understanding of causation. In the early days, he suggests that man
himself provided the model (i.e. analogy) for this understanding. The sciences (as
we know them) only began to develop when they began to move on from such
analogies and to consider the functional relationships observed between the
phenomena in their respective domains. Having several independent sciences was
necessary to provide the models on which psychology could initially be based. In
this way he acknowledges the utility of models in the early stages of science or idea
formation (he also acknowledges their pedagogical utility). His assumption that
psychology needed the foundation of other sciences to borrow its initial models
(analogies) is probably justified as an account of the late emergence of psychology
relative to other sciences. The idea of using man as a model for man is somewhat
circular. The point where his thinking departs from that which is being presented
here is in his call to abandon modelling in psychology to achieve conceptual maturity.
To try to force maturity on psychology this way is misguided; it is suggested here
that it is better to think of the development of models-2 such that they eventually blur
into models-1, as the route to independent theories.

It is assumed here that modelling is still a worthwhile pursuit in psychology (and thus
in at least part of cognitive ergonomics). In any event, as Hargreaves (1980)
observes, when science is going well, the philosophers of science tend to be ignored
- maybe if modelling seems to be a useful enterprise, we should just get on with it.

S. What makes a good model?

A model could be considered ‘good’ in many different ways, depending on what is
required of it. This will be discussed here in terms of two broad purposes - as a
scientific device, and as an engineering device. Separately from this it is possible to
ask whether it is, broadly speaking, correct (note then, that goodness is NOT equated
with correctness). The issues of correctness will be discussed first, followed by the
issues of goodness as a scientific device, and an engineering device.
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hapter 2
5.1. Correctness

In the previous diagram, a model was represented in parallel with the entity it was
representing - taking the same input (scenario) and resulting in a set of behavioural
phenomena. The relationship of the behavioural phenomena output by the model to
those observed to be ‘output’ by the person is the correctness of the model as a
representation. In the best case, since it has already been said that the model is only a
simplified representation of the entity, will be for Behavioural Phenomena ‘M’ to be a
subset (rather than merely intersecting with) Behavioural Phenomena ‘P’. In plain
terms, this would mean that the model did not exhibit any behaviour over and above
that of the person, but not vice versa.

5.2. As a Scientific device

In this section, the criteria which will be presented will be those that apply to
scientific theories in general, and thus to the subclass, models-1. What makes a good
model-2 will also be addressed.

A scientific theory has two purposes - it is both the embodiment of scientific
knowledge (i.e. the product) and a vehicle by which knowledge is refined. A model
will be a good one if it fulfils both purposes. If the goal of scientific enterprise is to
establish truths about the world (Long 1986) then a model will obviously be
considered a good one in the science paradigm if it is explanatory and predictive with
respect to the behaviour of the entity it represents, i.e. if it is correct. However,
whilst correctness is the ultimate goal, it is not necessary along the way. In the
Popperian view of science, correctness is established by attempting to find fault with
a model (or theory) - science advances, paradoxically, when a theory is found to be
wrong. In this view of science then, there is another important quality of a model -
that it be testable. This of course says something about the status of a scientific truth
or fact - it only has that status until it is disproven. Once upon a time, the sun orbited
the earth, which was flat and people would die if they travelled in excess of 25 mph:
scientific fact.

The Popperian view of science is not the only one. Whilst the testing of scientific
models by refutation is logically most desirable (see e.g. Marx 1976), everyday
science often proceeds by finding supportive evidence (“survival by a thousand
qualifications is what goes on”, Hargreaves, 1980, p308). This is a choice, and it
should remain possible to refute a model, so it should be testable.

Besides being correct (or incorrect) and testable, a model should be simple - the
principle known as Occam’s Razor. Broadbent (1980) warns against the tendency to
formulate over complicated models. The tendency is based, he suggests, in the
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Chapter 2

mistaken belief that complicated theories are more respectable, because theories in
other, respected, sciences such as physics are complicated. The point is that theories
in physics are complicated only because the simpler ones have been ruled out.
Finally, a model in science is worthless unless it is communicable to the rest of the
scientific community for criticism and further development (Wallis, 1980).

Models-2 are different from scientific theories in general - they are also analogies.
Within the current framework for thinking about models as analogies, it is possible to
ask what would be a good analogical model? Such a model would have as many of
the properties of the entity being represented, whilst at the same time having the
minimum of additional misleading properties. This is most likely to be the case for a
simple analogy over a complicated one.

5.3. As an Engineering device

The purpose of a model in the Engineering paradigm is to aid the design of an
artefact. This would be a large responsibility for a single model alone. In practice
models are only intended to be useful in more restricted design contexts. A model
must therefore be the right tool for the job. The range of design problems which a
model might be expected to be good for would be derived from a combination of its
scope and its purpose. A model’s scope is what sort of behaviour it addresses,
whilst its purpose is how it addresses this behaviour.

However, the question then remains as to what extent its recruitment to a design
problem within this range is guaranteed to be useful. This might vary between the
extremes of no guarantee, such that it only might be useful, and a full guarantee, such
that it will definitely help. It is suggested that the latter would require a
comprehensive framework for understanding different instances of design. Such a
framework is not currently available and is beyond the scope of this thesis. Some
alternative scheme is then required.

Given two models with equivalent scope and purpose, etc, it would seem easier to
have more confidence in one which had already been successfully used than in one
which had never before been recruited to design. A model might then have an
additional sratus attribute indicating to what extent its usefulness in design had been
demonstrated. Admittedly, there is no logical basis for believing that just because a
model was useful before it will be useful again; this notion of a model’s status then
has the same standing as many of the other proposals in this chapter - i.e. at a
heuristic level. Such a demonstration can serve an additional purpose: Whitefield
(1990) laments that whilst many people claim that their models would be useful in
system design, this is seldom backed up with any detail saying how, let alone
illustrated in practice.
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An important consideration, which could be easily overlooked, it the cost of applying
a model. Obviously a model will not be considered to be a good one if the cost of
using it exceeds the benefits that result. Finally, a model should also be both
communicable to, and usable by, its intended users.

It will be reasonably clear by now that there are many contributing factors to whether
a model is a good one in an application sense, summarised best by ‘what you want to
do with it’, and that there are interactions between these factors such that it will be
difficult to say definitively that any particular model is a good one. (e.g. usability
may interact with cost - see below). What is necessary in the minimum would appear
to be a set of parameters accompanying a model which specify its intended scope,
purpose and procedure. After this, some actual verification - i.e. documented use of
the model is probably necessary.

Finally, whether the model in question is in fact better described as a model-1 or a
model-2 (i.e. an analogy) is not relevant in this paradigm.

5.4. The above expressed as criteria

To summarize the above, a model would be considered good in the science paradigm
if it were:

« correct (given what is known at the time)

* testable

* simple

* communicable

A model would be considered good in the engineering paradigm if it were:
» communicable

» usable by an intended user

» able to improve the design of an artefact (of specified class)

» not more costly than some other route (to the same state)

Both of these assume a degree of correctness of representation.

29



5.5. Can one model be good in all respects?

That the same representational structure can be a good model in all senses is possible
since there are no obvious conflicts in the above criteria. It is, naturally, also
possible for a model to qualify as neither.

The fact that engineering depends on science, but not the other way suggests that a
model which is good in the scientific sense will at least have the potential to be good
in an applied sense, but may not necessarily be.

For symmetrical completeness, it is necessary to consider whether it is possible for a
model to be a good model in the engineering sense whilst not being so in a scientific
sense. The position maintained here is that it is - an example would be Newtonian
physics which is no longer thought to be strictly ‘true’ in the scientific sense
(Hawking, 1988), but is used in nearly all ‘engineerin g calculations because of its cost
and usefulness compared to the theory of Einstein which is more strictly correct.
There are situations where the Einstein model is much better - space flight, for
example, where the accumulation of error due to a Newtonian model would be quite

serious.

5.6. Summary

To summarize so far, a classificatory scheme has been presented which allows
models to be divided into Models-1 (so called direct representations, which would
include many scientific theories), and Models-2 (termed indirect, and covering those
occasions in science where an analogy is used as a tool). The point was made that
many Models-1 (i.e. theories) start out as Models-2 (i.e. analogies) and in the course
of their development take on a meaning of their own. Arguments against the use of
models were discussed, but it was nevertheless decided that the enterprise was
worthwhile. The role of models as both scientific devices and engineering devices
has been reviewed and expressed as criteria. Itis suggested that the relationship
between the criteria for the a model in the two paradigms does not preclude the same
model functioning as a device in both.

6. Generality

This section addresses the question of what generality means, specifically with
respect to the derived working definition of a model. The aim will be to arrive at a
conceptualization which, with the additional constraints in the following section, can
be used to specify a (heuristic) method to optimize the development of a model with
the desired properties.
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6.1. What does ‘generality’ mean?

Generality means different things to different people, and, as will shortly become
clear, different things to the same person.

The derived definition of a model presented earlier relied in part on Long’s (1987a)
characterisation of models, expressed in its short form below. Marked on this
expression are the three points where it is thought the term generality could apply:

M -> R(E) for purpose P and utiliser U
T T T

This section will address each of the above in turn.

6.2. Generality of Scenario (E) represented by the model.

Long’s (1987a) characterisation of a model as a representation of an entity assumes
what is here called a scenario, i.e. it is a representation of the interaction between an
object and its scenario (situation), specifically in this case, a person doing a job.

Generality across people is assumed by much of psychology - i.e. it is assumed that
there is a degree of consistency across people, although the experimental practice of
looking at behaviour across a group of subjects is a concession to supporting this
assumption. There are branches of psychology concerned with the opposite, ie
individual differences, but these will not be reviewed here.

The alternative is generality of scenario - and it is proposed that it is this which can be
optimised, even if not guaranteed. This is possibly one of the more important
categories of generalisation; after all, we are always trying to extrapolate our
knowledge to new instances, thus Broadbent (1980) comments that the point of a
model is to avoid the need for experimentation. (He is arguably assuming that
generality of scenario is implicit within models, which, as will become clear, is not
disputed here. The aim here will be to establish some basis for this such that it is not
surprising when an extrapolation fails [or will it be more surprising?]).

6.3. Generality of Purpose of the model.

A previous section has described the practices of science and engineering and thus the
purpose of models within each. It was noted that there need not be a clash in
scientific purpose and engineering purpose for a model (although there could be).
However, it is suggested that a given representation may not necessarily support
more than a restricted set of purposes within a given paradigm. This may be called
the representational problem, or ‘tools for the job’. To take an analogy used by Marr
(1982), there are many systems for representing numbers - Roman, Arabic and so
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