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Abstract

The concurrent approach to engineering design, concurrent design, implies that expert
knowledge regarding a number of different downstream life-cycle perspectives (such as
assembly, manufacture, maintainability etc) should all be considered at the design stage of
a product’s life-cycle.

Extensive and valuable work has been done in developing computer aids to both the design
and concurrent design processes. However, a criticism of such tools is that their
development has been driven by computational considerations and that the tools are not
based on a generally accepted model of the design process. Different models of design
have been developed that fall into a number of paradigms, including cognitive and
knowledge-level models. However, while there is no generally accepted cognitive model
describing the way designers and design teams think, the concept of the knowledge-level
has enabled a more pragmatic approach to be taken to the development of models of
problem-solving activity.

Different researchers have developed knowledge-level models for the design process,
particularly as part of the CommonKADS methodology (one of the principal knowledge-
based system development methodologies currently in use). These design models have
significantly extended design thinking in this area. However, the models do not explicitly
support the concurrent design process.

I have developed top-down knowledge-level models of the concurrent design process by
analysis of published research and discussions with academics. However some researchers
have criticised models for design that are not based on analysis of ‘real-life’ design. Hence

I wished to validate my top-down models by analysing how concurrent design actually
occurs in a real-life industrial setting.

Analysing concurrent design activity is a complex process and there are no definitive
methodological guidelines as to the ‘right way’ to do it. Therefore I have developed and
utilised a novel method of knowledge elicitation and analysis to develop ‘bottom-up’
models for concurrent design. This is based on a number of different approaches and was
done in collaboration with a number of different design teams and organisations who are
engaged in the concurrent design of mechanically based products.

My resulting knowledge-level models are an original contribution to knowledge. They
suggest that the concurrent design process consists of a number of discrete sub-tasks of
propose, critique and negotiate. These models have been instantiated as generic model
templates, using the modelling formalisms specified by CommonKADS. These models
have been implemented on a software tool, the CommonKADS workbench, in order to
provide support for developers of computer-based systems for concurrent design.
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1 Introduction to the research
1.1 Introduction

Design is a multi-faceted activity spanning many domains, including the different
engineering disciplines, software and architectural design. Computer-based tools have been
used successfully to support the design process for a number of years. In some cases, tools

such as CAD systems have become indispensable aids to the designer.

The ambitious aim of many in the artificial intelligence and design communities is to
develop computer-based support for designers that either supplants the designer in some
way or aids the designer in the process of design itself. Given the expertise and design
knowledge currently utilised by human designers, this is clearly a very ambitious and

potentially difficult undertaking.

Concurrent engineering is an approach that is widely used in industry to reduce product
lead times, improve product quality and reduce costs. The design process associated with a
concurrent engineering approach is often termed ‘concurrent design’ (Finger‘ et al [1992],
Hernandez et al [1991]). A key aspect of concurrent design is that knowledge of

downstream life-cycle perspectives is brought to bear on the design process.

This thesis is concerned with developing our understanding of the concurrent design
process based upon an analysis of concurrent design behaviour. In the remainder of this
introductory chapter I outline the background to the research and identify the objectives in

the work undertaken and highlight the original contributions that I have made.

I start by giving a general background to the research, my interest in computer support for

concurrent design and the modelling of the concurrent design process.
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1.2 Research programme origins

The background to this research stems from work done on a separate project to develop a
computer aided learning (CAL) tool to familiarise engineering students with the concepts
of concurrent engineering and in particular, the design process implied by a concurrent
engineering approach, that is, concurrent design. The CAL tool, ‘Design Builder, features a

prescribed, staged model for the design process. This is outlined in Figure 1.1.

Requirements

Concept Detail
definition ’ development ’ design

Figure 1.1: The design process inherent in the ‘Design builder’ computer aided

learning tool.

This utilises a three-stage design process of requirements definition, followed by the

development of concepts and the subsequent detail design of a selected concept.

* Details of the CAL tool, named ‘Design Builder’, and it's development are outlined in more detail in
Parkinson and Short [1994], Barker et al [1995], Barker et al [1996a] and Barker et al [1996b]. The
development of the tool was funded as part of the UK governments’ TLTP (Teaching and Learning
Technology Programme) initiative. The rationale behind this project was to encourage the development and
take up by UK Universities of CAL technologies in order to improve the student learning experience and
reduce the reliance on traditional lecture and tutorial based teaching. The TLTP project has been partially

successful in this aim.

The ‘Design Builder’ software places the student or group of students in the role of a designer working for a
company producing mechanically based products, which must be manufactured and assembled in some way.
The software leads the student through a structured design process, from the development of a suitable
specification through to the detailed design of the product. The design process incorporated in the software
was influenced by established engineering design texts such as those by Pugh [1991], Pahl and Beitz [1984]
and Hubka [1982]. These texts advocate an essentially prescriptive approach to the design process whereby a
designer or design team produce a design, via a number of prescribed steps or tasks. ‘Design Builder’ is now

being used extensively in UK higher education establishments.
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However during the development of the software and the resulting discussions with design
teachers and designers working in industry, it became clear that there is no consensus
about a widely established, prescriptive model of design that designers use. This
realisation, coupled with an interest in general knowledge-based computer support for the
design process (and in particular the concurrent design process implied by a concurrent
engineering approach) led me to an exploration as to how concurrent design occurs and the
methods and techniques used by designers and design teams operating in a concurrent

manner.

The aim of the exploration was to analyse and model the process of concurrent design,
both when practiced by single designers and by design teams. The research is situated
within the context of engineering design. As I have already noted, design as a process
spans a wider range of domains. As a result, while I focus on the domain of engineering
when discussing and analysing existing literature, I also reference existing literature from a

wider selection of domains where relevant.

1.3 Modelling design

Before considering models for design, it is interesting to document some perceptions about
what design is and outline some of the definitions that currently exist to describe the design

process.

1.3.1 Some definitions for design

e Chern [1991] suggests "Design is a process in which the designer builds artefacts to
satisfy given specifications".

e Ertas and Jones [1993] state "Engineering design is the process of devising a system,
component or process to meet desired needs".

e Chandrasekaran [1990] suggests "the solution to the design problem consists of a
complete specification of a set of components and their relations that together describe

an artefact that delivers the functions and satisfies the constraints".
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e Brown and Birmingham [1997] "we loosely interpret design to be an information
processing activity that creates a description of an engineered artefact (for example a
building or a software module)".

e  ‘The most essential design activity, therefore, is the production of the final description
of the artefact © - Cross (1989).

e Top and Akkermans [1994] suggest "Design means conceiving a set of structural
properties such that the required behavioural properties are realised”.

e Kruger and Wielinga [1993] suggest a design problem is specified in terms of
functional requirements, non-functional requirements and constraints. "4 solution is a
description of a set of components and their interrelations that satisfy the requirements

and constraints".

It must be noted that these definitions are drawn mainly from the fields of engineering and
artificial intelligence (Al.). As Lawson [1990] states “In different contexts the word design
can represent such varied situations ... an engineer may be said to design a new gearbox
for a car while a fashion designer may be said to design a new dress”. However, as my
research is based in the fields of engineering and Al, these definitions have acted to form

my views and the research is based on design in this context

It must also be noted that the output from the design process is not the finished artefact. It
is a description in some terms of the final artefact or component. For example in the
engineering field this could consist of a set of engineering drawings with additional
material, such as a specification of a set of components and their assembly plan. Different

domains will have their own terminologies or ontologies to describe a design.

Design can also be seen as an iterative two-stage process of requirements definition
followed by solution generation. Bernaras and van de Welde [1994] characterise these two
stages as analysis and synthesis. The synthesis stage, where design solutions are generated,

forms the basis of this research.
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1.3.2 Concurrent design

The given definitions of design focus on the generation of a description of an artefact (or a
sub-component comprising a complete artefact) as being at the core of the design process.
As we will see in the next chapter, concurrent design can be seen as a particular
specialisation or form of the design process and a number of different definitions for the
process of concurrent design are evident in the literature. The term concurrent engineering
or concurrent design started to come to prominence in the available literature from the
early 1990’s onwards. However, it can be convincingly argued that pracrtitioners of design

have been utilising this form of design prior to this time, see Jo et al [1991].

My views as to what constitutes concurrent design (and what differentiate it from more
‘conventional’ design) were greatly influenced by a number of texts, including Pugh
[1984], Desa and Schmitz [1991], Evans [1991]. In addition, discussions with academics
and engineers working in industry helped to crystallise these views. Essentially, I take
concurrent design to be a form of design where the consideration of downstream
perspectives (such as manufacture, assembly, maintenance and reliability) are considered,
and thus have a considerable influence, at the design stage of a products’ life-cycle. Where
I feel concurrent design differs from more traditional design is in the process model that is

utilised to reach the description of some artefact.

In order to help form my views on how the process of concurrent design can occur, it was
necessary to consider a number of different models for the design process and attempt to

reconcile these with my views on how concurrent design might occur.

1.3.3 Paradigms to describe design

Cognitive models for design attempt to model the actual cognitive processes utilised by
human designers when they work. However a number of researchers have outlined some of
the fundamental difficulties in trying to analyse cognitive processes in humans. While
extensive research is underway (see Lloyd and Scott [1994], Kolodner [1996] and Visser
[1996]), Smithers [1996] believes there is currently no generally accepted cognitive model

for the design process.
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A number of procedural models for the engineering design process have been advocated by
different researchers. These include models from Hubka [1982], Pahl and Beitz [1984] and
Pugh[1991] and are expanded on in the next chapter. Typically, these models prescribe a
series of stages via which the design process proceeds, from the specification of design
requirements through to the detail design of the finished artefact. As such, they present a
high-level, prescriptive model for the design process. Such prescriptive models, while
being generally accepted methods in the wider engineering community, have their critics in
the more general field of design. Cross [1989] outlines why these models can be too
problem oriented, in that they focus on the requirements of the given problem definition at

the expense of the solution.

A paradigmatic difference observed in the researched models for design is that between
these so-called prescriptive models and those based on a ‘reflection-in-action’ model,
usually attributed to Schon [1991]. Schon argues that at a lower level of detail, the design
process (that is, the actions of personnel involved in the design process) proceed via a
process of reflection-in-action. Joseph [1996] presents a comprehensive critique of the

contrasting ‘prescriptive’ and reflection-in-action’ views of the design process.

The field of artificial intelligence also presents a number of models for how both the
design and concurrent design process can be modelled. In particular, the work of
Chandrasekaran [1990] has been very influential in this area. Chandrasekaran argues that
the design process proceeds via a number of lower level processes, or tasks, of propose,
critique and modify. Hence, while previously we have considered design as being the
process whereby design solutions are proposed or generated, Chandrasekaran makes
explicit two further processes or tasks, critique and modify, which are of importance. From
a concurrent design perspective, the process of critiquing was seen as being where the
views of different downstream life-cycle perspectives could be brought to bear on the

overall design process.
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1.3.4 Formal process models for design

A number of the prescriptive models for design have been semi-formalised using different
modelling methodologies. In Europe, the development of knowledge-level models of
expertise has been formalised in a knowledge-based system development methodology
called CommonKADS (Breuker and Van de Welde [1994], Schreiber et al [1994a]).

Modelling at the knowledge-level can be seen as a more pragmatic approach to modelling
expertise for subsequent implementation in a computer-based system. The idea of a
‘knowledge-level’ is believed to have first been put forward by Newell [1982]. Smithers
[1996] contrasts Newell’s view of the knowledge-level with that subsequently used in
knowledge engineering methods, such as CommonKADS. Smithers goes on to state that
knowledge-level models ‘make no cognitive claims, that is, they do not attempt to say what
the human problem-solving behaviour must be’. 1 will discuss the concept of the
knowledge-level in more detail in Chapter 3. See also Newell [1982], Steels [1990]). The
way in which modelling at the knowledge-level is incorporated in the CommonKADS
methodology is described by Van de Welde [1993]. I was greatly influenced by work that
has been done as part of the CommonKADS methodology.

CommonKADS is designed to assist developers of knowledge-based systems in the
specification of knowledge-based systems. In order to achieve this aim, CommonKADS
incorporates a library of different problem-solving methods, which can be applied to
different tasks. The intention is that these models act as templates in a support-library for
developers of knowledge-based systems in a variety of different domains and for a number
of different problem types. Design is one of the problem types which is documented and
supported in the library. These models have been derived from work by earlier researchers,
including Chandrasekaran [1990], and have been clearly influenced by the prescriptive

design methods I have discussed.

However, analysis of the existing models in the CommonKADS library suggest that while
they provide a considerable level of support for what I term ‘traditional’ design, they do

not specifically provide support for the process of concurrent design. Smithers [1990]
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argues, convincingly in my view, that knowledge-based systems to support processes (such

as concurrent design) should be based on accepted, knowledge-level models of the process.

It also became apparent that a considerable number of computer-based tools, in the form of
research-based systems and more commercially driven products have been developed to
support the concurrent design processes. However few, if any, are explicitly based on a
commonly accepted model for the concurrent design process. In fact, as will be shown in
Chapter 3, the development of such tools can be seen as being driven more by

technological issues than more fundamental methodological considerations.

Hence I began to see that a formally described, knowledge-level model for the process of
concurrent design would be a major asset to developers of computer (particularly
knowledge-based) systems to support the process of concurrent design. However, a
criticism of existing models developed to support the design (and other processes) is that
they have resulted from researchers thinking and reading about the processes, as indeed my
colleagues and I had been, rather than experimentally observing and analysing

pracrtitioners in the given domain.
1.3.5 Experimentally recording and analysing expert behaviour

One of the traditional bottlenecks in the development of knowledge-based systems has
been how to actually elicit and acquire knowledge from human expert sources. The field of
knowledge elicitation is concerned with the analysis and acquisition of knowledge for
subsequent incorporation in computer-based systems and is a huge field in its own right.
Wielinga et al [1990] discuss some important issues in this field. Because of it’s mutli-
disciplined nature, concurrent design presents a number of challenging issues to the

knowledge engineer wishing to analyse expertise in this area.

An analysis of the literature revealed a large number of different techniques and methods
that are available to the knowledge engineer to attempt to model this behaviour. However,
there are, as yet, no definitively agreed guidelines as to how this is best done and what

techniques are most suited to different tasks (CommonKADS also expands on the methods
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available in the literature and prescribes a number of different methods for deriving models

of human expertise).

Two distinct approaches to knowledge-level model development are top-down and bottom-
up modelling. Via top-down modelling, a model of expertise is first hypothesised and then
compared with gathered data to refine and verify the hypothesised model. Bottom-up
modelling involves deriving models from the gathered data without any preconceived ideas

of the form of the eventual model. As will be shown, both approaches have their own

strengths and weaknesses.

Based on this introductory discussion, the overall aims and objectives of the research can

now be outlined.

1.4 Aims and objectives of the research programme

The overall aim of this research is:

‘The development of a knowledge-level model for concurrent design’

This model will aid developers of knowledge-based systems intended to support the
concurrent design process. In order to achieve this overall objective, a series of

intermediate objectives is implied:

e To develop a top-down, theoretical model for concurrent design based on the available

literature.

e Develop a bottom-up model for concurrent design based on an evaluation of a number

of different case studies, involving organisations and individuals involved in the

concurrent design process.

e Relate and validate the two models.
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This series of objectives implied other objectives that must also be fulfilled:

e Determine the formalisms to be used for the modelling.

e Determine the method by which the bottom-up model is to be constructed.
e Identify case studies and contexts.

1.5 Achievement of the objectives

The attainment of the aims and series of objectives outlined in the previous section is now

discussed.
1.5.1 The modelling formalisms used

In this chapter I have discussed a number of different paradigms for modelling processes or
tasks, in particular the design process. In order to model an process in some way implies
that some formalism is available or must be developed to actually structure the form of
developed models. CommonKADS provides a number of modelling formalisms for this
purpose. Essentially these comprise graphical structures which are used to model
knowledge and knowledge processes. Because CommonKADS is the principal knowledge-
based system development methodology currently in use, it was a logical choice to make
use of the formalisms provided by the methodology. Chapter 3 discusses the existing
CommonKADS models for design and also outlines the modelling formalisms used by the

methodology.
1.5.2 Determine the methodology for model construction

As T have discussed, a number of techniques and approaches have been used to analyse and
model the design process. However, there is no concensus as to the ‘correct’ approach to
use. The conclusion I came to, having researched and analysed these different techniques

and methods, was that a novel method for observing and analysing expert behaviour in the
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context of concurrent design was required. Chapter 5 outlines the thinking behind the
development of this novel method, which is partly based on a number of the techniques
prescribed by CommonKADS.

1.5.3 A top-down, knowledge-level model for the concurrent design process

I have already outlined how research in a number of different areas had acted to form and
refine my views on how the process of concurrent design occurs. Based on the outlined
methodology, the next step was to use these findings and the results of my informal
discussions with academics and practicing engineers as input to the development of a top-
down model of how concurrent design occurs. The term top-down is used to describe
model development as it happens from deriving a general overview of the problem area. A
more bottom-up form of model development would proceed by using empirical,
experimentally derived data to drive model development. These issues are expanded on in

more detail in Chapters 5 to 7.

This initial knowledge-level model for concurrent design uses the graphical notation
advocated by the CommonKADS methodology. The work of Chandrasekaran and his view
of design as a process of propose-critique-modify was particularly influential in the
development of this initial model. The process of propose-critique tallied with my view of
how concurrent design could occur. However, I did not believe the modify process fully

captured the essence of how contrasting critiques of a design would influence the process.

When different downstream perspectives critique a given design solution, these critiques
will often conflict. Hence there is clearly some intermediate process where these possibly
different critiques are reconciled. I began to see how important this process, which I term
negotiation, could be to the overall concurrent design process. Hence my initial model for
concurrent design consisted of a series of sub-tasks of propose-critique-negotiate. Based on
the available literature, various plausible models for how the propose and critique tasks
could be modelled were considered. However, no detailed model for the negotiation

process was available.
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Hence by this stage, after extensive research of the literature and discussions with
academics and practicing engineers, a knowledge-level model for the concurrent design
process had been developed in a top-down manner. This was extensively modified and
refined before arriving at the final model. The details of this exploratory process are
outlined in Chapter 7. Having developed this model in relative isolation, I decided to
publish the findings of the research to a wider audience. This resulted in a number of
papers describing this initial model, see Barker et al [1996a] and Barker et al [1996b]. This
culminated in a more comprehensive paper describing the model development, Barker and
Meehan [1999].

1.5.4 Case studies

A bottom-up modelling approach depends on analysing experts ‘in the field’. I began to
look for a number of case studies which could be used to derive experimental data based
on the methodology I had developed. Using contacts in the field of engineering, a number
of different designers and companies agreed to me analysing their design methods in a

work place setting. Details of the case studies are outlined in Chapter 6.

1.5.5 Bottom-up modelling with the different case studies

Having developed a top-down model for concurrent design, I then used the developed
model as a basis for discussing and experimentally observing designers and personnel
involved in the concurrent design task in an industrial setting. The resulting transcripts
from interviewing and observing these personnel were then used to drive the development
of more bottom-up models of the tasks associated with concurrent design. These bottom-up
models expanded on the original top-down model as well as giving more detail as to how

certain tasks were undertaken.

The results from this lengthy period of analysis and bottom-up modelling were a series of
task models, based on CommonKADS formalisms, showing how the process of concurrent
design occurred in the different case studies. Chapters 8 and 9 outline this process in more
detail and also outline some of the problems inherent in attempting to analyse expert

behaviour in an industrial setting.
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1.5.6 Generality of the models

The expertise task models that resulted from the case studies exhibited a large number of
features in common. However, certain characteristics were specific to a particular case
study. What I wished to do was to derive more general, or generic models from the bottom-
up models of the case studies and also account for the differences between models. Chapter
10 outlines how generic models of expert problem-solving behaviour (and also the

organisational context in which the problem-solving behaviour took place) were derived.
1.5.7 Instantiating my generic models on the CommonKADS workbench

The CommonKADS workbench is a software tool, which supports the development of the
different models comprising the CommonKADS model set (see Kingston et al [1995]). To
this end, the workbench provides considerable support for the development of the different
models comprising the full CommonKADS model set. Up to this point, the main focus of
the research had been on the expertise modelling elements of the CommonKADS model
set. This chapter goes on to investigate issues such as modelling the organisational context

in which the models could be implemented.

This tool was used to instantiate the model templates supplied as part of CommonKADS
with details of the generic models derived from the case studies. Using the workbench in
this way ensured the models comply with the formalisms of the methodology and also
provide a series of templates, in a useable format. The intention is that these are available
to inform developers of systems to support concurrent design.

The instantiation of the generic models using the CommonKADS templates is described in
Chapter 11.

1.5.8 Validating the model

In order to validate and refine these generic model templates and also to illustrate how the
models could be used, I have instantiated the generic models with details of two

contrasting scenarios. The first of these scenarios relates to a situation encountered in one
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of my case studies while the other scenario involved re-engineering an existing expert
system that has been extensively described in the literature. The findings from these
instantiations helped to refine and extend the model templates. This is described further in
Chapter 12.

1.6 Chapter Summary

In this chapter, I have outlined both the background to the research and the context in
which the research is set and introduced a discussion of models of design. The concepts of
cognitive and knowledge-level modelling are outlined as possible means of modelling
concurrent design activity. CommonKADS, which uses a knowledge-level modelling
approach, has been introduced as providing suitable modelling formalisms for the

development of models of human problem-solving expertise.

The following chapters will now give a detailed account of the development of a
knowledge-level model for the concurrent design process and how a novel knowledge
elicitation method has been used to elicit the knowledge, which has driven the model

development.
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2 Models for design

2.1 Introduction

In this chapter I begin by discussing the main characteristics of concurrent design and in
particular, what differentiates this type of design from what can be seen as more
‘traditional’ design. I also discuss how concurrent design has been implemented in

different organisations.

Design is a wide ranging activity applied in many different domains, both in engineering
(mechanical, electrical, civil etc.) and other areas including sofiware, architectural and
product design. However at an abstract level, design in these different domains can be seen
as having many characteristics in common. Hence design can be seen as being generic in

nature and largely independent of the domain in which it is practiced.

The process of design can be broken down into a number of more discrete processes or
sub-tasks. In particular, design can be seen as two distinct process of requirements
formulation and solution generation. These are sometimes termed the analysis and
synthesis stages of design. In this research I focus mainly on the synthesis stage of the

design process.

A number of paradigms exist for describing the design process. These include the so-called
prescriptive models and the rational pracrtitioner approach. In addition, cognitive-level and
knowledge-level modelling are presented as two approaches to modelling design
processes. This chapter goes on to present existing models for design (focussing on the
design synthesis task) and the various sub-tasks associated with this process. These have
been derived from research in a number of diverse domains although the main focus is on

those models developed within the engineering fields.
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2.2 The importance of the design process

The importance of design to the overall life-cycle of a product can sometimes be
underestimated. Victor et al [1993] state that in general, 70 - 85 % of product cost is
determined at the earliest stages of product design. Cha and Guo [1993] look at the effect
of design decisions on the overall life-cycle cost of a product and suggest that 70% of the
total life-cycle cost of a product will be determined at the design stage, a view previously
voiced by Andreasan et al [1983] ‘upwards of 70% of a product’s manufacturing cost is
dictated by design decisions’. Hence any approach which can pinpoint problems at this
stage will result in products being brought to market "at lower price and in significantly
less time" - Jo et al [1991].

In addition, the degree of commonality shown by the process of design across a wide
variety of domains has been commented on by a number of researchers including Lloyd
and Scott [1994] who state "...research suggests that we can identify common behaviour in
designers regardless of discipline”. Brown and Birmingham [1997] indirectly assume this
when they see design as a process that "creates a description of an engineered artefact, for
example a building or a software module". Candy and Edmonds [1997] also support this
view when they state: “In both product design and software design, characteristics in

common have been identified”.
2.3 The product life-cycle

The life-cycle of a product can be defined as the complete life span of a product from its’

initial inception through design, manufacture, assembly, use and ultimately the disposal of

the product.

In the craft type industries that abounded during the era before the industrial revolution, a
single person would typically be responsible for the complete life-cycle of a product. A
craftsman would liase with the customer or analyse the market place in order to determine
the requirements of the product. The same craftsman would then be responsible for the
design, manufacture, assembly and packaging of the product before delivery to the

customer. Even after delivery, the craftsman could be responsible for the maintenance,
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repair and disposal of the product. Hence the craftsman would be responsible for a
considerable part of the life-cycle of the product and through this involvement would have

considerable knowledge of these different life-cycle aspects.

However, with the advent of mass production, this approach to manufacturing became
untenable. Mass production meant that individuals would only be responsible for a very
small part of the life-cycle of a product. As a result, the person or personnel responsible for
the design of a product would not have in depth knowledge or responsibility for other life-
cycle aspects of the product. This approach has been termed the ‘serial’ or ‘over the wall’
approach to product design. Via this approach, a product could be designed, then
manufactured and then assembled with relatively little interaction between the different
disciplines. The literature abounds with cases whereby products have been designed which
are impossible or at the least very difficult to manufacture, assemble, service and maintain.
For example, Bull [1993] describes how the Ministry of Defence estimated that

unscheduled maintenance costs of defence equipment exceeded 1 billion pounds in 1990.

Because of the inherent problems associated with the serial approach to product design,
products could have long lead times, be of indifferent quality and expensive. In the earlier
part of this century, when consumer products were in relatively short supply, a seller’s
market dictated that such problems did not seriously harm a product’s marketability. The
preoccupation was in using mass production techniques to satisfy an expanding market.
However increasingly sophisticated mass production techniques meant that the shortage of
consumer goods did not last. As the marketplace became saturated, a buyer’s market began

to dictate that products should be of high quality, low cost and modern in design.

The limitations of this serial approach led to the development of the philosophy of
simultaneous engineering. Simultaneous engineering grew out of a recognition that the
traditional serial (or sequential) approach to the design and manufacturing process has
serious drawbacks when applied to the modern day product market place. To quote
Hedberg [1994] "The days are past when design engineers brewed up a design entirely on

their own and then ‘threw it over the wall’ to manufacturing."
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Initial definitions of simultaneous engineering concentrated on the simultaneous design of
the product and it's associated manufacturing processes. Sohlenius [1992] characterises it
as "a way of work where the various engineering activities in the product and production
development process are integrated and performed as much as possible in parallel rather
than in sequence". However, Bayliss et al [1994] state that "the philosophy is the
simultaneous involvement of suppliers and customers at an early stage in the design

process".

As Pugh [1991], Finger at al [1992], Young and O'Grady [1994] and Evans [1991] point
out, there are other considerations, apart from manufacturing and the customers’ and
suppliers’ views, which it is important to consider at the design stage. These include
assembly, maintenance, cost, marketing and safety issues, indeed any issue that affects the
complete product life-cycle. While simultaneous engineering implies developing a number
of processes, particularly manufacturing processes, in parallel with design, concurrent
engineering can be seen as a more all-encompassing philosophy which allows the

consideration of a number of downstream life-cycle aspects at the product design stage.
2.4 Concurrent engineering (CE)

Concurrent engineering (collaborative and parallel engineering are analogous approaches)
is a philosophy that is being used increasingly in industry to reduce costs and improve the
quality of manufactured products. ‘Only by becoming more flexible and thereby more
responsive to market demand, while at the same time maintaining product quality, will
companies be able to remain competitive. Concurrent engineering is a major step towards
achieving this goal’ — Stevenson [1994]. This chapter gives a concise review of the main
principles and issues involved in the concurrent engineering approach. Jo et al [1991] and
Prasad [1996] give a comprehensive review on the principles of CE while Ranky [1994]

outlines which organisations are adopting this approach.

No single definition for concurrent engineering has been found, rather there are a number
of alternative definitions and resulting implementation issues to consider. I will now

outline some of these definitions in order to determine the key characteristics of the

approach.
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‘Concurrent engineering is the philosophy which realises the importance of quality,
communication and the parallel design of the product and the processes that affect it
throughout it’s life-cycle’ — Bayliss et al [1994].

‘Concurrent engineering has recently been recognised as a more integrated approach to
developing high-quality products and bringing them to a highly competitive global market
at lower price and in significantly less time’. Jo et al [1991].

‘... a number of different aspects of a product are engineered simultaneously or
concurrently’. Kott et al [1990]. Carter [1994] also characterises this approach and states
that "downstream manufacturing and support processes are identified early in the product

development cycle and addressed, along with product design".

The concurrent engineering approach has evolved ‘... from the recognition that design
decisions made early in the product development life-cycle have significant impacts on

manufacturability, quality, cost, time-to-market and thus ultimate market-place success of

the product’. Jo et al [1992].

‘Concurrent engineering calls for site-specific, simultaneous evaluation of manufacturing,

cost and other performance measures early in the design process’. -Thurston [1993].

From these definitions it is clear that the design process and different product life-cycle
perspectives are key factors within concurrent engineering. Concurrent design can be
defined as the design process practiced in a concurrent engineering context. In order to
define what concurrent design is, it is necessary to consider how different life-cycle

perspectives affect the design process within a concurrent approach.
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2.5 Concurrent design and life-cycle aspects

Pugh [1991] promotes the Quality Function Deployment method, which emphasises the
importance of 'the voice of the customer' in the design process. Sonnenwald [1996] states
that concurrent design includes "participants from different domains who must explore and
integrate their specialised knowledge". Shiva Kumar et al [1994] suggest "in the field of
collaborative engineering ... several life-cycle issues of the product have to be
incorporated at the time of design". Darr and Birmingham [1994] state that "such
parallelism helps to identify design conflicts early, avoiding iterations that could arise in
the serial approach”. Rajeev et al [1993] echo similar findings from the civil engineering
industry - "the repercussions of not communicating information between agents often takes
the form of escalated costs and costly rework”. It is important to note that the relative

importance of different life-cycle perspectives will differ from product to product.

The concurrent design approach can be compared to other types of design such as
collaborative and co-operative design found in the literature, for example Sonnenwald
[1996]. However while co-operative and collaborative design (by their very definitions!)
assume some form of co-operation and common goals amongst the different participants,
this is not necessarily the case with concurrent design. In an idealised concurrent design
environment, the overall goal of the different participants would be the development of the
overall design. However, this is not always the case as will be later illustrated. It is this
defining factor that I believe distinguishes concurrent design from what will be termed

these more co-operative modes of design.
2.6 Concurrent design and the use of ‘multi-disciplinary’ knowledge sources

Desa and Schmitz [1991] outline a concurrent engineering method and suggest "concurrent
design implies the use of multi disciplinary design teams who interact during early
design". They advocate a method which they term ‘Virtual Concurrent Engineering’. Via
this approach, a designers decisions are subject to evaluation by different downstream life-
cycle perspectives (they concentrate on the manufacture and assembly aspects). They go
on to describe a software tool, the ‘Producibility Evaluation Package’ (for analysing

designs from a manufacture viewpoint) which has been used to evaluate the Virtual
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Concurrent Engineering’ approach. They conclude that the design resulting from such an
approach will be globally optimal when performance, producibility, assembleability,
reliability, serviceability etc are considered. However, they do not discuss how conflicts
between different life—cycle aspects may be handled. The designer has control over the

process and decides which evaluative advice to heed.

Schmidt and Schmidt [1995] support this emphasis on teamwork by stating "Concurrent
engineering is the engineering process which results from solving an engineering problem
with the help of a team". Wheeler [1991] also looks at the use of 'multi disciplinary teams'
in concurrent engineering while Klein and Lu [1989] investigate problems of conflict and

conflict resolution strategies that can arise from the use of such teams.

However whilst concurrent design is frequently implemented in practice through the use of
teams, the process of concurrent design does not necessarily imply that more than one
person be involved in the design process. It is possible, in principle, for a single designer to
be able to bring knowledge of a number of different life-cycle perspectives to bear on a

given design problem.

Hence a suitable definition would define concurrent design as 'the consideration of all
downstream activities which are likely to affect the product's life-cycle at the product
design stage'. In a typical engineering based context, these would include issues such as
manufacture, assembly, costs, materials and marketing as well as considerations such as
links with suppliers. This definition allows for other perspectives, which will affect the
product life-cycle and assumes multi-disciplinary teamwork will usually (but not always!)

play an important part in the process.

In an idealised concurrent design scenario, a designer or design team (i.e. personnel whose
main expertise is in the area of design) will work on the day to day design of a product and
will specify most of the design. They are able to bring in ‘experts’ in different areas when
required, who are able to give their own perspective on an evolving design. These ‘experts’
bring in ‘design for X’ (or DFX - see Dewhurst and Abbatiello [1996]) expertise in a

number of different areas such as design for manufacture, design for assembly etc.
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philosophy is increasingly being used to implement such changes in organisations. This
approach involves identifying key processes that are vital to an organisations’ success and
then reorganising the company structure to group the necessary resources (especially
personnel) around these key processes. This typically involves changing the traditional
hierarchical, functionally-oriented organisation structure to a much ‘flatter’ process-
oriented structure. See Spurr et al [1994], Hammer and Champy [1993] for further details.
The goal of the ‘Enterprise project’ (Fraser [1995]) is to develop computer-based tools to

support enterprise modelling and the improvement of an enterprise model.

Having analysed and discussed some of the essential characteristics of the concurrent
approach, I will now outline some existing models for design and discuss the extent to

which these models are relevant and applicable to the process of concurrent design.
2.7 Models of design

A number of models of design exist, generally falling into one of two paradigms. These are
the rational design approach (Pahl and Beitz [1984], Simon [1969]) or the reflective
practitioner approach (Schon [1991]). Joseph [1996] compares and contrasts these two
views of design. It is possible to formulate models for concurrent design within either of
the paradigms above. However, as far as I have been able to establish, the formalised
models that have currently been implemented for design are firmly situated within the

former paradigm, as will be discussed later in this chapter.

2.7.1 Rational prescriptive models for design

These rational models can be seen as models of design which prescribe a series of steps or
tasks that a designer should perform during the design process, hence the term prescriptive.
A number of prescriptive models of the design process are presented in the literature.
Acknowledged models in the engineering field include those by Pahl and Beitz [1984],

Hubka [1982] and Pugh [1984] (Cross [1989] outlines additional prescriptive models for
design).
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Pahl and Beitz [1984] suggest that design is either variant, adaptive or original in nature
depending on how new or original the design problem is perceived to be. The actual design
process is seen as progressing through requirements definition, concept generation,
embodiment design (where layout and form are determined) and detail design. They
suggest functional decomposition as a suitable method to use to help solve design

problems.

Hubka [1982] also advocates a procedural model for design based on going from a
problem assignment to a design specification from which a function structure is generated.
Concepts are then generated followed by preliminary layouts, dimensional layouts and
finally detail and assembly drawings. This rational or prescriptive approach has been
formalised by the VDI [1987] (The German processional engineers association) into a
design methodology. The VDI propose that designing should proceed in a sequence of
stages. The overall problem should be decomposed into sub-problems and then solutions

found and then combined into the overall solution.

Pugh’s ‘Total design’ process (Pugh [1991]) is more analogous to the concurrent approach
in that the development of the design is analysed from a number of different perspectives.
However, Pugh still advocates an essentially prescriptive model for the design process in
that design proceeds via the development of a design specification through conceptual and

detail design.

Cross [1989] also presents some commonly used design models and argues that such
systematic or prescriptive models are needed to cope with the increasing complexity of
modern design problems. However, Cross also suggests such prescriptive models for
design can be too problem oriented and encourages the designer to apply strategic thinking

to the design process.

March’s view of design (see March [1984]) is seen as being more solution oriented. March
suggests that designers must generate some form of solution in order to help them think
about the overall design problem. Cross [1989] extends this view by suggesting that

"exploration and identification of the complex network of sub-problems is often pursued in
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practice by considering possible sub solutions". However, Purcell and Gero [1996] outline

how a fixation on a particular solution can hinder the evaluation of alternative solutions.

Lawson [1990] also criticises some of the more prescriptive ‘maps’ of design as being
"derived more by thinking about design than by experimentally observing it". Lawson
suggests that designers in different domains adopt different approaches to the design
process. Scientists and engineers typically problem solve by analysis in that they try to
understand the problem as clearly as possible before formulating a solution. This is seen as

a problem-focused approach to design.

However, Lawson believes designers’ solve by synthesis. The formulation of possible
solutions is used to improve understanding of the problem so this is a more solution-
focused approach. Cross [1989] also suggests that the problem and solution development
proceed in parallel - "exploration and identification of the complex network of sub-
problems is often pursued by considering possible sub solutions ...creative designing seems

to proceed by oscillating between sub-solution and sub-problem areas".
2.7.2 The ‘reflective’ practitioner

Joseph [1997] and Dorst and Dijkhuis [1995] assess the limitations of the prescriptive
approaches and contrast these with the approach of Schon [1991]. In particular, Joseph
[1997] emphasises the lack of any real strategic planning inherent in the prescriptive
approaches. The reflective practitioner approach, outlined by Schon suggests that designers
(and other professional practitioners) work through a process of reflection-in-action.
Design as a process is characterised as "a reflective conversation with a unique and
uncertain situation” and occurs by a series of actions and then reflection on the
consequences of these actions. Via this exploration process the designer becomes more
committed to the design solution being developed. Schon characterises the designer as

being "in graphical conversation with the design".

Suchman [1987] suggests that when performing some task, experts do not necessarily
follow an explicit, pre-defined plan. What they do is to respond to the changing

environment based on tacit skills. This view is supported by Oxman [1995] who sees
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conceptual design as a series of transitions between states, the actual transitions or moves

being governed by rules.

However, while a great deal of work has been done to formalise prescriptive models of
design as design methodologies or tasks, as far as can be ascertained, no implemented

model currently exists for the reflective practitioner approach to design.

Research which seeks to achieve this is ongoing and is acknowledged to be at an early
stage, both in terms of determining appropriate methodologies (Davies [1995], Dorst
[1995], Lloyd et al [1995]) and developing models which span design (Lloyd and Scott
[1994], Oxman [1996], Kolodner [1996], Visser [1996], Sonnenwald [1996]).

2.8 Cognitive and Knowledge-level models of design

In the previous section, we have seen how the prescriptive models for design give a
general, prescribed overview of how the design process should proceed. The reflection-in-
action hypothesis outlines at a more detailed level the processes designers are believed to
actually use. Models of how experts in a domain carry out some complex task (such as
design) can be broadly split between models at the cognitive-level and models at the

knowledge-level.

Cognitive models attempt to model the thought processes designers actually use when
designing which can encompass the broad spectrum of cognitive activity including
emotions and personal goals. Lloyd and Scott [1994] review a number of different
cognitive models presented for the design process and suggest that designers utilise three
main modes of thought. These are generative (where a proposal is made), deductive (where

the proposal is clarified) and evaluative (where the proposal is assessed) in nature.

Condoor et al [1992] argue the case for design models based on cognitive issues. However,
a number of researchers have argued that cognitive-level models for complex cognitive
processes such as design currently do not exist. Smithers [1996] states ‘...without a much

more complete theory of human cognition, any attempt at developing and testing a theory
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of design as cognition is going to have a very difficult time ...°. Churchland [1989] gives

further arguments as to why general theories of human cognition may never be realised.

Knowledge-level models do not specifically attempt to replicate the thought processes of
human designers. The idea of the ‘knowledge-level hypothesis' was advocated by Newell

[1982] and the importance of modelling at the knowledge level has been shown by Clancey
[1983].

The concept of the ‘knowledge-level’ was influenced by early work on the development of
expert systems and other knowledge-based computer systems. A common approach to the
implementation of such systems was to encode human problem-solving expertise in the
form of ‘rules’. However, rules are effectively a computational structure. It became evident
during the development of such systems that rules do not necessarily reflect the way in
which a human expert structures their problem-solving knowledge. This drawback became
particularly apparent during the knowledge acquisition phase when experts would be asked
to describe their expertise, which would not necessarily be structured in a procedural-type

format, in terms of rules.

In addition, re-use and maintenance of such systems often proved to be virtually
impossible because of the way in which the flow of control inherent in such systems was
embodied in the different rules. .. the hope that an intelligent system could be achieved by
lumping representations of knowledge fragments together in a knowledge-base and then
letting a general inference mechanism (e.g. a forward chaining rule interpreter) sort out
* when to use those elements has failed ... programming tricks corrupt the interpretation of
rules or frames as pieces of knowledge ... second generation expert systems explicitly

reflect in their implementation aspects of the knowledge and their control structure.' - Van
de Welde [1994].

The knowledge-level is seen as an intermediate, implementation-independent means of
modelling an expert's problem-solving knowledge. Subsequent researchers including
Bylander and Chandrasekaran [1987] and Steels [1990] have expanded and refined these
original ideas. The term ‘knowledge-level’ is used to describe some entity as if it possesses

knowledge without making commitments about how such knowledge be represented or
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implemented in a computer system. The symbol level is taken as being the level of
abstraction where representations of objects at the knowledge-level are defined in terms of

symbols that can be manipulated by computer programmes.

Typically, knowledge-level models have been developed using task analysis and the
resulting models are task-oriented as a result. Bakyan [1996] suggests "fask analysis
produces a description of the constraints on behaviour that must be satisfied to solve the

problem at a given level of intelligence where intelligence is defined as the ability to use

knowledge to solve problems".

However, not all models or views of design are task-oriented in nature. Candy and
Edmonds [1997] outline a criteria-based model for design. They also suggest that “... we
cannot assume that the user performs tasks in closely ordered, sequential and predictable
ways”. The implications of this are that any task-oriented view of design should be flexible

enough to accommodate this flexibility in design behaviour.

Work on the knowledge-level extends to the field of artificial intelligence (AlI). This field
has also resulted in the development of a number of different models for the design

process. Before discussing these models, I present a brief introduction to work in this area.
2.9 Artificial intelligence

In order for a computer-based system to simulate knowledge of processes and expertise,
specialist advice must be captured and represented in some way in the system. The field of
artificial intelligence (AI) is concerned with the modelling of human expertise and
problem-solving and using computers as 'intelligent' problem solvers. The field of Al grew
from attempts to develop autonomous 'thinking machines' capable of independent thought
and problem-solving. Winston [1984] and Charniak and McDermott [1985] give a further

introduction to Al and work in the field.

Newell [1990]) suggest that different tasks (such as design, planning, diagnosing etc.) are
examples of a more general form of human problem-solving. A common assumption is that

at a usable level of abstraction, different tasks exhibit similar characteristics when
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performed in different areas of applications (or domains). Hence, for example, the process
whereby a piece of software is designed is believed to have many characteristics in

common with engineering design.

Artificial intelligence models objects and activities in the 'real world' and when

implemented in some form of computer-based system, they are typically termed

knowledge-based systems.
2.10 Artificial intelligence and models for design

Two broad issues that emerge in the use of Al in design are the use of Al techniques to
model artefacts and spatial relationships between the objects encountered in design and the
use of Al to model the processes within design. This is articulated by Takeda et al [1990]
who suggest that the representation of design knowledge is a two-part process - "the

representation of design objects and the representation of design processes".

2.10.1 Product models for design

There are a number of issues related to the computational representation of objects
associated with the design process. Balachandran and Gero [1988] look at a frame based
architecture for representing knowledge relating to engineering components. Gero [1990]
suggests ‘design prototypes’ as a suitable representation format for a design object. Taleb-
Bendiab et al [1992] and Sanderson et al [1990] look at Al techniques to model the
assembly of such components. Xue and Dong [1993] look at object oriented techniques to
represent the product in a concurrent design environment while Ball et al [1996] describe a
novel adaptation of the object-oriented approach to product modelling. However, it is the

processes within design that this research is primarily concerned with.
2.10.2 Process models for design

A number of researchers within the field of Al have attempted to model design processes
using techniques from artificial intelligence. As noted earlier in this chapter, I focus on the

methods and techniques used for design synthesis as opposed to design analysis.
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Chandrasekaran [1990] states that the design problem is "formally a search problem in a
large space for objects that satisfy multiple constraints". However since the problem space

of design for most non-trivial problems is vast, clearly designers employ methods and

heuristics to limit search in this space.

Chandrasekaran [1990] goes on to describe the design process as a series of sub-tasks of
propose-critique-modify and outlines a number of different computational methods utilised
for the ‘propose’ task of design. These include case-based reasoning, decomposition-
solution-recomposition and constraint satisfaction. This view is endorsed and expanded on
by Maher [1990] who outlines additional methods that designers are believed to use for the
design “propose’ task including the use of grammars. However, Maher [1990] goes on to
outline how “the major barrier to the application of grammars to engineering design is the
lack of a formal basis for representing function”. Chandrasekaran and Mabher also criticise
some of the earlier prescriptive methods because of the constraints these place on designers
and stress that the use of the methods they outline is done in a flexible way — “a useful
architecture is one that can invoke different methods for different sub-tasks in a flexible

way” (Chandrasekaran [1990]).

A number of the models for design analysed do consider the evaluation of a design.
However this is typically after a complete design has been proposed or generated and
consists of ensuring that the design meets the functional requirements of the specification.
For example, Maher [1990] considers design evaluation, but this is concerned with

checking how a partial or fully specified design complies with the expected performance

(i.e. the function) of the design.

Chandrasekaran sees the critiquing task as being the stage where a design is evaluated.
'Critiquing’ is defined as the "subtask in which the causes of a design’s failure are
analysed". 1.e. it is implied that this approach is taken in order to highlight functional
drawbacks in a completed design or partial design. Goel [1989] also takes a functional
analysis approach to critiquing. Therefore these forms of critiquing are involved with

ensuring that the completed design complies with the functional specifications required,
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rather than that the evolving design complies with different life-cycle constraints, which is

one of the main issues considered in my research.

Chandrasekaran goes on to suggest that this approach can be used at any level of
abstraction for the design process. I believe that for a true concurrent design process, this
approach would be used at a very low level. For instance if a designer was to propose a
complete design and then present it for critiquing, this essentially represents an iterative,
serial type approach. However if this approach is adopted at a much lower level of

granularity, this can represent a more concurrent approach to design.

The work of Takeda et al [1990] is also important, as they illustrate how a cognitive model
of the design process can be mapped to a computational implementation, ‘The Design
Simulator’. Their general design theory, GDT, suggests the designer proceeds via a process
of abduction, deduction and circumscription. However, this model does not give much

insight into how concurrent life-cycle perspectives impinge on the design process.

Lloyd and Scott [1994] analyse the cognitive processes they believe designers use.
Interestingly, they conclude that designers’ cognitive processes are generative, deductive
or evaluative in nature. The generative and evaluative processes can be seen as analogous

to the propose and critique tasks respectively that more task-oriented research has outlined.
What is interesting to note from this analysis of influential research in the area of design is

the way in which the overall design synthesis process is generally broken down into sub-

processes or sub-tasks. I will now discuss the form these sub-tasks may take.
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2.11 Models of the design proposal task

Chandrésekaran looks at the propose stage of the design cycle in more detail and suggests
three methods by which designers propose a solution or partial solution to a problem.
These are decomposition-solution-recomposition, case retrieval (a form of case-based
reasoning) and constraint satisfaction. A designer will choose the most suitable method

based on the design problem being considered.

Decomposition-solution-recomposition involves breaking down the design problem into a
series of smaller sub-problems. This may be done at the function or component level.
Solutions to the sub-problems are then generated and combined to form a solution to the
original design problem. Kruger and Wielinga [1993] suggest that this is the way in which
solutions to most industrial design tasks are generated. However, this method is not
specifically a design proposal method. Application of the method effectively sets up a

number of sub-problems (in design).

Maher [1990] adds 'transformation’ to the 'propose’ methods outlined in Chandrasekaran.
This transformation method implies that transformational rules (similar to a grammar)
operate to transform the formal specification into a detailed design. However this form of
design assumes that accepted transformational grammars actually exist in the given
domain. Maher points out that "currently the models are ill defined and many issues need
to be resolved before they can become domain independent formalisms". Gagdas [1996]

also outlines a design approach based on shape grammars.

Chern [1991] defines parametric design as "the process of assigning values to attributes
which are called the parametric design variables. It should be noted that the values to be
assigned are not always numeric, but could also be a type or class designation (e.g. a
material type)". Motta and Zdrahal [1996] also present a generic model of parametric
design and conclude that what is needed are flexible models of problem-solving in order to

support the design process.

Hence we can see that a number of different methods may be used to generate design

solutions. However, in order for different life-cycle perspectives to be able to influence the
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evolving design solution, these solutions must be open to some means of criticism, where
potential problems are outlined. Research from the field of critiquing can give an insight

into how this criticism may occur.

2.12 Models of critiquing

A number of computer-based critiquing tools, some of them from the field of engineering
design, are discussed in Appendix B. Typically such systems involve a computer-based
critic analysing a human user's actions. As a result, there is considerable discussion in the
analysed research regarding computational aspects that must be considered when
implementing such tools and also the way in which critiqung models are represented
computationally. What is more of interest in this research are the underlying models of

critiquing employed by such systems.

2.12.1 Definitions of critiquing

It is useful to consider exactly what a critique implies and what the essential features of

critiquing are.

e 'critic' (n) one who passes judgment.

e 'critique' (n) carefully judged criticism - Concise English Dictionary.

Fischer and a number of colleagues at the University of Colorado have done extensive
work on critiquing and computer-based critics in cooperative problem-solving
environments and learning environments. "Critics analyse a product and provide
suggestions as to how the user can improve that product" - Fischer and Mastaglio [1991].
Fischer et al [1993b] suggest “critiqguing is a dialogue in which the interjection of a
reasoned opinion about a product or action triggers further reflection on or changes to the

artefact being designed".

"Critiquing is the process of evaluating a solution to a task and providing an appraisal of
it to contribute to possible improvements" - Rankin [1993]. Rajeev et al [1993] "Criticism

involves evaluating a design in terms of it’s effectiveness in satisfying design objectives
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and constraints”... "Criticism is performed by subjecting the design solution to a number of

tests that determine it’s degree of acceptance".

The critiquing approaches described by Chandrasekaran [1990] and Goel [1989], which
have been discussed in a previous section, are subtly different from critiquing to pinpoint

additional life-cycle constraints, which I believe characterises the concurrent approach.

2.12.2 Different types of critic

Silverman [1992] outlines different types of critic that have been implemented in
computer-based tools. ‘Influencers’ work before a specific subtask to influence the user
and give positive feedback. ‘Debiasers’ work after a subtask and give negative feedback.

‘Directors’ assist users with application of a cue.

Fischer et al [1993b] outline how critics can be either passive or active in nature,
depending on whether advice from a critic is requested by a user or whether a critic is free
to intervene whenever the critic feels a need. This is supported by Silverman and Mezher
[1992] who also suggest that critiquing may be done in batch mode (after an entire solution
has been generated) or incremental mode (where a user is interrupted during his or her

task).

Silverman [1992] suggests that "experiments on during versus after task critiquing have so
far proved inconclusive". However Silverman and Mezher [1992] go on to suggest that the
batch mode of critiquing (utilised in ‘classic’ critiquing systems such as those described in
Miller [1984] and Langlotz and Shortliffe [1983]) can allow a solution developer to
embark on an erroneous design without critic intervention where an incremental critic

would be more beneficial.

Fischer et al [1993b] characterise critics as being ‘generic’, ‘specific’ and ‘interpretive’.

Interpretive critics are used to view a design from different viewpoints.

However, while these different modes and type of critic give a valuable insight into the

field of critiquing, they are more to do with when a critic should intervene rather than how
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the critic actually performs the critiquing task. They do not explicitly state or suggest how

the critiquing process might occur in a task (or any other) type of manner.
2.12.3 Critiquing models and strategies

Langlotz and Shortliffe [1983] describe a critique as "an explanation of the significant
differences between the plan that would have been proposed by expert system and the plan
proposed by the user". This implies that their model of critiquing has some proposal stage

followed by a compare and contrast stage.

Miller [1984] considers critiquing by local or global criteria in the analysis of a medical
treatment plan based on patient symptoms. Critiquing by local criteria implies only a small
sub-set of locally related parameters need to be considered. However, global plan
critiquing implies that a much more comprehensive overview of the plan needs to be

considered.

Fruchter et al [1993] "Critiquing entails analysis and evaluation of the design. In the
analysis stage, the performance of the design is predicted. In the evaluation step, the

derived performance is compared against the requirements",

Fischer et al [1991b] describe the possible sub-processes of critiquing as goal acquisition,
product analysis, critiquing strategies, adaptation capability, explanation and
argumentation and advisory capability. They outline two possible models for critiquing,
the differential and the analytical approach. In the differential approach, the critic generates
it’s own solution and then compares it with the given solution, pointing out differences.
This technique works best where there is a single optimum solution. However where a
number of radically different but equally valid solutions can exist, this technique has

limitations.

Analytical critiquing involves finding sub-optimal features in a given solution. In this
critiquing mode, a critic does not need a complete understanding of all aspects of the given

solution in order to critique from a particular perspective.
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Rajeev et al [1993] view the design process as a series of synthesis-critique-modify steps
(analogous to the propose-critique-modify approach of Chandrasekaran). They suggest
criticism is performed by subjecting the design solution to a series of tests that determine
its degree of acceptance. This issue of a quantitative or qualitative assessment as to the
degree of acceptance of a solution to a critic has also been noted by other researchers.
Rajeev et al [1993] "From the computational point of view it is desirable that a rating be
generated for each critiqued aspect. This rating represents a qualitative estimate of the
quality of the solution". However, 1 believe that care must be taken when using
computational considerations as the basis for developing models of problem-solving

Processes.

Research has also indicated that some record of the design process is necessary to facilitate
the process of critiquing. Bafiares-Alcéantara [1995] suggests "It soon became apparent that
expecting a computer program to criticise and propose improvements for a given chemical
plant would be tantamount to asking a person to explain the plot of a film by analysing a
single frame from it. For such a knowledge-based system to operate in a directed and
useful way, it would be necessary to give access to the history of the design process". This
suggests that the overall context of a design is important when considering a critique to
make.

Hence, there are clearly a number of different ways in which the critiquing process might
be decomposed in a task—oriented manner. In a concurrent design environment, I believe
that critics may behave in an incremental or passive mode, depending on the organisational
structure within which the design process occurs, although in a purely concurrent
environment, critics would be able to intervene whenever they perceive sub-optimal design

decisions from their own perspective.
2.12.4 Other issues in modelling and implementing critiquing

Clearly different personnel involved in the concurrent design process have different
vocabularies to describe a product and also have different ways of visualising the product.

This can be expressed as different ‘views’ of a product.
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Mastaglio [1989] "they must be able to explain recommendations in terms the user can
understand". In addition, the justification for a critique is also very important (in that the
critic must explain to the user why a critique has been generated). The importance of the
explanation or rationale behind a critique is also outlined in Fischer and Mastaglio [1991].
A critic should also be able to match its critique to different users. Silverman [1992]

“critics with no user adaptivity run significant risk of saying the wrong thing to their

users”.

In describing their ICM (Interdisciplinary Communication Medium) system, Fruchter et al
[1993] suggest that "The architect and structural engineer have different views of the
model of the design". In the 'Design Fusion' system Finger et al [1992] also allow local
representations of the shared representation to be created for reasoning and analysis.
Ramscar et al [1996] look at the problems of dialogue limitations when moving from a
closed domain to a more general design domain. Oxman [1995] suggests that “each
knowledge structure may also be associated with it’s own representational medium”. This
requirement for different views of a design has influenced the development of systems that
can interpret different views of a design — see Balachandran and Gero [1988], Dwivedi et
al [1993].

2.12.5 Some conclusions regarding critiquing

According to Krishnamoorthy et al [1991] "a study of the nature of the critiquing process
shows that the knowledge representation formalism and the methodology of evaluation are
independent of the domain that a critic addresses ..." Shiva Kumar et al [1994] go on state
"it is worthwhile to capture the generic aspects of a critic into a generic tool and then
reuse it...". This implies that lessons learned from critiquing in other fields will have direct

relevance to a model of critiquing in the field of concurrent design.

A number of critiquing systems in the field of design have been analysed and discussed.
One important issue that is interesting to is the degree to which the referenced literature
focuses on the computational implementation of such systems. The systems outlined
typically imply a model of how critiquing occurs but do not discuss how or where the

underlying model of critiquing is derived. Hence while the researched literature is a useful
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starting point as to how critiquing occurs, it does not offer a fundamental, experimentally-

derived model of critiquing in a concurrent design context.

A number of the critiquing systems and their underlying model of critiquing imply that a
propose-critique type approach is applied to the process. Where only one critic is
evaluating a plan or design, I believe this task model is valid. However, because of the
inherently multi disciplined nature of concurrent design, conflict will inevitably arise
between different ‘agents’ involved in the concurrent design process. Harrington et al
[1995] - “conflict between agents is therefore inherent and the resolution of this conflict is

a major problem in distributed environments"'.

Because of this, there must be some means of resolving conflict between the different
participants in the concurrent design process. This process whereby these differences are
reconciled in some manner I will term negotiation. However, references in the literature to
‘argumentation’ (see Clark [1990]), and ‘contested collaboration’ (see Sonnenwald [1996])

appear to be processes with similar attributes.
2.13 Models for negotiation

Negotiation has been analysed as a key process in a wide-ranging field of disciplines or
domains from social psychology (for example Druckman [1973]) through distributed Al
(Bond and Gasser [1988]). Because of the large amount of diverse work that has been done
in this field, I will focus the discussion of negotiation on work that has been done in the

design-related engineering fields.

When different ‘experts’ cooperate during the concurrent design of a product, there will
inevitably be some ‘discussion’ where differences in viewpoint between the experts are
outlined and reconciled. Lander [1997] sees one of the key issues as conflict resolution
between different agents engaged in concurrent design and sees negotiating strategies as

vital in resolving such conflict.

Negotiation provides a means by which conflicts, derived from multi-perspective

critiquing of an evolving design, can be resolved. Bucciarelli [1988] summarises this as
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‘decisions made across disciplines are best seen as negotiations amongst parties who,

whilst sharing a common goal at some level, hold different interests’.

Klein and Lu [1989] look at negotiation strategies suitable for computational
implementation and suggest that conflict resolution knowledge can be viewed as a form of
problem-solving expertise. This implies (as has been suggested for critiquing) that
negotiation strategies may be generic in nature. This work is expanded on by Klein [1991]
and Klein [1992].

Klein and Lu [1989] go on to look at deadlocks that can occur when different experts
involved in the concurrent process offer conflicting critiques of a design. They suggest
negotiation can be either competitive or co-operative. The conflicting form is likely to be
dictated by personality and issues relating to personal, not overall goals. Hence they ignore
these ‘psychological’ human factors and concentrate solely on more cooperative modes of
negotiation. Protocol analysis of designers involved in architectural design is used to
outline different methods of co-operative conflict resolution strategies relevant to machine

based agents.

The work of Klein and Lu [1989] outlines a number of different strategies utilised in
architectural design to resolve conflict in a co-operative mode of design. They consider a
rationale for a design decision as being a crucial element in any resulting negotiation
process. However, while concurrent design can be co-operative in nature, this is not
necessarily the case. The views and goals of different perspectives involved in the
concurrent design process can be very polarised in nature resulting in a more conflicting

mode of negotiation.

Werkman [1991] sees negotiation as an aid to resolving conflicts in a distributed agent-
based system called the ‘Designer fabricator interpreter’. The model of negotiation
employed allows for both cooperative and conflicting negotiating stances to be taken by
the computational agents comprising the system. Negotiation is managed within the system
using a novel representation formalism termed ‘shareable perspectives’. When deadlock
situations occur, a central arbitrator software agent makes a decision on the solution to take

based on how important each agent flags it’s view of the particular issue to be. In the field
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of human conflict resolution in a conflicting negotiating scenario, this is believed to be a
possible way in which conflicts are settled. However, whether it is the relative importance

that each agent attaches to the issue that is the defining factor is open to debate.

Because of the inherently conflicting nature of concurrent design as opposed to more co-
operative or collaborative modes of design, conflict resolution is a very complex area. It
may be that for a particular area of conflict, there will be no means of satisfying all parties
and some more arbitrary means of conflict resolution may be employed to counter
deadlock situations. Hence while some researchers (E.g. Baker [1993]) see negotiation as a
means of achieving some accord, in a conflicting concurrent design scenario this may not

necessarily be the case.

Baker [1993] defines specific styles of negotiation based on the goals and attitudes of
agents before, during and after the negotiation, the types of thing that are negotiated and
strategies and communicative acts for achieving goals. In common with other research on
negotiation, Baker makes a distinction between conflicting and more cooperative modes of
interaction and goes on to conclude that "more detailed modelling of the (negotiation)

process is required”.

Harrington and Soltain [1995] suggest concession making as an effective negotiating
strategy where differences between conflicting parties are small but not so effective where
the different parties are inflexible over the issues. They also suggest that this implies a co-

operative model of conflict, not a conflicting one.

When implemented computationally, conflict can generally be classified as design time
(i.e. case-specific techniques can be unearthed at development time through knowledge
acquisition techniques with ‘experts”) or run time (i.e. more generic resolution strategies
are used as the teamwork process progresses). Development time conflict resolution is seen
as being a computational means of implementing conflict resolution but I believe that it is
unlikely that human experts have pre-determined conflict resolution strategies for use in
every possible different conflict scenario. Harrington et al [1995] point out how the
possibly thousands of interdependencies between design decisions mitigate against

development time strategies. Lander [1997] also outlines the advantages of dynamic
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conflict resolution strategies "... we cannot engineer an agent at design or implementation
time to be in agreement with all other potential future agents (which may not even be
imagined yet). Therefore dynamic conflict management is an inherent requirement of
MADS (Multi Agent Design Systems)". Hence, the conclusion is that the more flexible and
generic run time strategies are more indicative of models of how human negotiation

processes occur.

Bahler et al [1994] recognise that in the concurrent design process, conflicts among sharply
diverging viewpoints may occur. They describe a negotiation protocol, based on economic
utility. They look at the application of this protocol in using constraints to detect conflict

and support negotiation in a design advice system.

Clark [1990] outlines argumentation as a process whereby experts can outline
inconsistencies in a cooperative problem-solving task. They go on to argue that in such

situations "if is not easy or even possible to identify the ‘right’ answer ...".

The TEAM system (see Lander and Lesser [1993]) is a framework for integrating agents
into a multi-agent system. In particular, Lander and Lesser focus on conflict that can occur
between the agents and negotiating strategies for resolving this conflict. They suggest that
techniques used in this area include bargaining, restructuring, constraint relaxation,
mediation and arbitration. Interestingly, Lander and Lesser argue that sharing information
about constraints and priorities at an early stage in the design process is a powerful conflict

management technique.

Wong [1994] describes a qualitative problem-solving system based upon a formal model of
social choice theory and computational methods to manage the expression of preferences
by different agents and to support negotiation between them. This system provides more
than support for communication between users but nonetheless negotiation is driven by
humans and is not automatic. Sycara’s PERSUADER (Sycara [1989]) provides a
sophisticated approach to support for negotiation. It uses a mediated negotiation model and

multi-attribute utility theory.
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Zlotkin and Rosenschein [1996] have also described different negotiation domains. In
order of increasing complexity and subtlety these are task-oriented, state-oriented and
worth oriented domains. Analysis of the nature of the domain within which negotiating
agents are to be implemented informs the choice of computational negotiation mechanism.
In the field of distributed Al, negotiation is also a rich topic of research, see Bond and
Gasser [1988].

Hence, negotiation can be seen as a widely used process in fields other than concurrent
design. It is interesting to note that while computational considerations are a focus of a
number of the systems and research discussed, the analysed literature does make reference
to underlying models of negotiation and the experimental basis for these models. In
addition, critical factors that need to be considered during the negotiation process are how
cooperative the process is and what the goals of the different agents involved in the process

arc.

A study by Olson et al [1992] analyses a number of participants in software design
meetings at an early stage of the software life-cycle (from an initial incomplete
specification to the development of a conceptual design). This study of the early software
design process shows some similarities with the mechanically—oriented concurrent design
process. However, an interesting aspect was the relative lack of conflict and negotiation
evident in the Olsen study. A particularly telling point was that the team of software
engineers are developing “‘designs to be built by others’. This suggests that the participants
in the design meetings had less of a personal stake on the potential downstream effect of

the different constraints resulting in a more co-operative mode of designing.
2.14 Chapter Summary

There are many different and sometimes conflicting definitions for concurrent engineering
and the associated design process, which I term concurrent design. Concurrent engineering
techniques are currently being used in a number of diverse industries. The techniques and
methods associated with the complete concurrent engineering process have been

extensively researched and a huge body of literature exists on the subject. I have not
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attempted to comprehensively reference this body but have outlined the main issues and

characteristics of concurrent engineering.

Design can be characterised as consisting of an analysis phase, where a design’s
requirements are defined and a design synthesis stage, where design solutions are

generated. This research focuses on the design synthesis stage.

I define the main features and characteristics of the concurrent design approach as
involving the use of multi-functional expertise or knowledge to pinpoint possible
downstream life-cycle constraints on the design of a product. This can involve the use of
teamwork, although concurrent design does not implicitly assume a team-based approach
to the design process. However there are a number of practical considerations that limit the
successful use of such teams. These include communication, availability and the
geographical distribution of team members. I believe concurrent design is subtly different
from other, more co-operative, modes of group design. What is surprising is the relative
absence of literature regarding the concurrent design task implied by a concurrent

engineering approach and the development of models to represent this task.

Models for design can be broadly classified as based on either the rational or the reflective
pracrtitioner approach. A number of the rational methods have been formalised as
prescriptive guidelines for the design process. These so-called prescriptive methods outline
a prescribed process which a designer should use to tackle a given design problem.
However, the models do not explicitly support the process of concurrent design as I have
defined it, in that knowledge appertaining to different life-cycle perspectives can act as a

very important informing constraint on the design process

The work of Chandrasekaran [1990] and others suggests design proceeds via a series of
steps or sub-tasks of propose-critique-modify. I present a number of models which attempt
to describe these propose and critique tasks. However, I believe that the process whereby
differing critiques of a design are accommodated in the concurrent design process is more
complicated than merely modifying the original design solution. The concept of
negotiation is introduced as a means whereby conflict resolution between different

participants in the concurrent design process is achieved.
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Smithers [1996] argues that what is required are knowledge-level theories of the design
process. These should be developed with reference to lessons learned in the field of
knowledge engineering. As will be shown in the next chapter, models of the design process
have been formalised as expertise task structures and problem-solving methods,
specifically in the KADS and latterly the CommonKADS methodologies. These are
effectively structures showing the stages of design and types of knowledge that designers

use during the design task.
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3 Formalised models for design

3.1 Introduction

The previous chapter has outlined and discussed a number of different models for both the
complete design process and also models for sub-processes (or tasks) comprising design.

These models were generally presented in a descriptive, natural language format.

A number of researchers and methodologists have attempted to formalise these and other
models for the design process using appropriate methodologies. In particular, the
CommonKADS methodology contains a number of formalised models for both the overall

design process and some of the sub-tasks comprising the design process.

I begin by outlining the fundamental points of different software development
methodologies, with an emphasis on CommonKADS. This chapter then gives a critical
review of the CommonKADS models for design with an emphasis on the degree of support
they provide for concurrent design. The analysis of both the CommonKADS and other
models discussed in this chapter is discussed in an implementation-independent manner.
However, an implicit assumption of a number of the models I discuss is that they will
ultimately form the basis of some computer system. Where relevant, any derived

computational models and implementations are also discussed.

3.2 Design model representation in formal and semi-formal systems

In order to analyse the contribution made to the development of knowledge-level models
for design as a result of the CommonKADS methodology, it is necessary to outline the
fundamentals of both CommonKADS and also other knowledge-based systems’

development methodologies.

A number of different methodologies exist for the development of software systems. These
include SSADM and Yourdon (see Sommerville [1992]). Because of their requirements,

the development of knowledge-based sofiware systems places particularly stringent
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demands on the requirements of a development methodology. Most importantly, these

include issues such as how to elicit and model knowledge for use in such systems.

Early work by Newell and Simon [1982], which developed ideas around the ‘knowledge-
level’ have acted as the driving force for different knowledge-based system development
methodologies and the way knowledge is acquired and modelled in such systems. Van de
Welde [1994] outlines how research since the early knowledge-based systems has changed

the way in which such systems are now viewed:

“the idea that knowledge is there to be extracted from the human expert and translated
into usable knowledge elements is misleading. Instead knowledge is now viewed as one
way of modelling rational (or rationalisable) behaviour as it is being seen by a particular

observer, for a particular expert, on a particular problem in a particular situation” —

A number of structured methodologies for developing KBS have been developed, or are
under development and different tools and research projects attempt to support the various
stages of the development of KBS. This can include any of the stages from the initial
knowledge acquisition phase with experts through to computational implementation of
actual systems. A number of the different tools show a number of similarities although

clearly some projects are aimed at different stages of KBS development.

VITAL (see Dominique et al [1993]) is both a methodology and a set of software tools,
which support the structured development of knowledge-based systems. This methodology

supports the top-down refinement of models of expertise at various levels of abstraction.

The ACACIA project (see Dieng et al [1994]) aims to help knowledge engineers and
experts during the knowledge acquisition phase by developing a knowledge acquisition
tool and a methodology. In particular, the project emphasises the need to allow for

knowledge acquisition from multiple experts.

However, in Europe at least, and increasingly in the USA, the CommonKADS
methodology has come to be regarded as the principal methodology for developing

knowledge-based systems. The methodology has evolved from extensive work done by a
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number of researchers, led by the University of Amsterdam, on the original development
of the earlier KADS methodology (see Tansley and Hayball [1993]). It has been greatly
influenced by work done on knowledge modelling such as Steel’s ‘Components of
Expertise’ (see Steels [1990]). For a more detailed description of the methodology and its
evolution, see Breuker and Wielinga [1985], Schreiber et al [1993] and Breuker and Van
de Welde [1994]. The key features of the methodology are now described.

3.3 KADS and CommonKADS

The main focus of the original KADS methodology was as a means of knowledge
acquisition for subsequent incorporation in a KBS and the modelling techniques advocated
by the methodology were geared towards this goal. However CommonKADS is intended to
be a more encompassing methodology to support the entire KBS development life-cycle
from inception to implementation in an enterprise or organisation. KADS (and latterly

CommonKADS) take a very task—oriented view of human problem-solving behaviour.

Knowledge-level modelling in CommonKADS is driven by a ‘competence’ based
approach. A knowledge-level model for some task requiring human expertise is assumed to
be sufficient if the model can be used for problem-solving in the domain. Hence this
approach does not require a complete cognitive understanding of human problem-solving
expertise in order to implement computational support for some task. As a result, the
“knowledge-level modelling incorporated in CommonKADS does not attempt to accurately
reflect or predict the cognitive processes utilised by humans. Rather, it is intended to allow
the development of implementation-independent models of problem-solving for

subsequent incorporation into computer systems.

Originally, KADS suggested that many tasks, at a certain level of abstraction from any one
domain, such as classification, diagnosis and indeed design are generic in nature (i.e. they
follow the same pattern irrespective of the area under consideration). As discussed in the
previous chapter, this is supported by the fact that maﬁy types of design, such as
mechanical, software and architectural design show a number of similarities. In order to
fully model both the knowledge required by a knowledge-based system and also the

organisation within which such a system would be implemented, CommonKADS
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advocates the building of a number of different models which together comprise the

CommonKADS model set.

3.4 The CommonKADS model set

CommonKADS assumes a number of different models are combined when developing a

complete knowledge-based system. These are the:

e Expertise model

e Task model

e Organisation model

e Communication model
e Agent model

e Design model

These different models and the dependencies between the models comprising the
CommonKADS model set are expanded on in Chapter 11 and discussed in more detail in
de Hoog et al [1993(a)]. The models give different and complementary views on how
processes occur within the context of a particular organisation. CommonKADS provides
templates for each of these models. It is assumed that during a CommonKADS project,
these templates are instantiated to the required degree. The models relating to an expert’s
problem-solving expertise are contained in the expertise model. The expertise model is

where human problem-solving expertise and knowledge are modelled in CommonKADS.

3.5 The CommonKADS expertise model

The top-level components in a CommonKADS expertise model are application and
strategic knowledge. The application knowledge consists of three distinct epistemological

categories or layers. These categories are summarised as follows:

e Task knowledge consists of a task definition defining what the goals of the task are

and the task body, where the activities comprising the task are described. This is
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modelled as a task structure. Task decompositions show the different sub-tasks that are
used to accomplish the given task. Where sub-tasks cannot be further decomposed,

they are assumed to be basic inferences.

e Inference knowledge specifies basic inferences that can be made in the domain
knowledge and can be linked in inference structures. "An inference specified at the
inference level is assumed to be primitive in the sense that it is defined through it's
name, an input / output specification and a reference to the domain knowledge that it
uses" - Aben [1994]. In this sense, inferences can be seen as a 'black-box' in that inputs
and outputs are defined but the way a human expert derives outputs from the inputs is
not modelled. Complex computational techniques may be required to produce the

required output.

e Domain knowledge summaries the way in which an application ‘sees the world’ in
terms of a domain ontology and a domain model which uses the domain ontology to
capture groups of statements about the domain. This can be seen as a more ‘static’

structure than the task and inference layers.

Knowledge roles control the links between the different categories and allow general

concepts defined in the different layers to be specified for a particular application.

It should be noted that the task models discussed, which represent problem-solving
strategies within the expertise model, are distinct from the CommonKADS task model
itself, which is a higher level description of the tasks a knowledge-based system is to
support. To prevent any misunderstanding, the task models within the expertise model will

hereinafter be referred to as expertise task models.

At a certain level of abstraction, an expertise task model can be seen as analogous to a
cognitive model of an expert’s problem-solving behaviour. However, an expertise task
model is ultimately decomposed to inferences and the computational means to achieve the
inferencial capability will not necessarily model any cognitive behaviour. As a result — “a

task model is an engineering artefact, designed by the knowledge engineer which does not
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necessarily correspond to a cognitive model of the domain expert’s problem-solving
behaviour” — Rademakers [1991]. However, an expertise task model does show the task

decomposition that a domain expert could use to solve a particular task.

The original KADS projects identified a hierarchy of expertise task models, see Tansley
and Hayball [1993] and Appendix A. This classification of tasks was influenced by a
number of earlier works including that by Clancey [1985] on heuristic classification. Tasks
are split up into three broad areas: analysis, modification and synthetic type tasks. Design
is considered to be a synthetic task. The original KADS hierarchy also gives an indication
of the amount of work done in different areas to analyse problem-solving behaviour. More
work has been done in the analysis area than in the synthesis and modification areas. The
expertise task models presented for design are not definitive and Tansley and Hayball

[1992] suggest that more work needs to be done to verify and extend these models.

Different researchers have developed expertise task models for a number of different tasks.
The task models developed for design are discussed later in this chapter. It must be
stressed that these expertise task models are not merely abstract academic ideas. They have
been developed from detailed study of how people accomplish certain expert tasks. As a
result they act as a very important foundation stone for developing any knowledge-based
system. The link between task definitions in the task layer of application knowledge and

problem-solving methods are now discussed.

66



3.6 Tasks and Problems solving methods in CommonKADS

The terms ‘method’ and 'task' in the literature are not always consistent (especially with
respect to the ‘granularity’ at which the method is applied) and the problem-solving
methods and tasks outlined above do not necessarily correspond with problem-solving
methods in the CommonKADS sense. This is echoed by Chandrasekaran et al [1992] - “the
word task has been used in somewhat differing senses in the field, contributing to much

confusion".

CommonKADS explicitly makes a distinction between problem-solving methods and tasks.
A task definition is effectively a statement, defining what inputs are required and what
outputs are generated from application of the task. However, the task definition is
implementation-independent in that the task does not dictate how the task might be
achieved. It is the problem-solving method that is applied to the task that effectively
dictates ‘how’ the specified task is decomposed into more discrete steps or subtasks.
Duursma et al [1994] - "a set of coherent activities that are performed to achieve a goal in
a given domain". When referencing tasks and problem-solving methods hereinafter, these

definitions are assumed.

Valente et al [1994] characterise problem-solving methods in CommonKADS as

specifying:

e How a certain task can be decomposed into sub-tasks at a lower level of detail

e How the execution of these sub-tasks is controlled

e Which requirements are imposed on the representation of the domain knowledge in

order for the method to work

This is summarised by Wielinga et al [1994a] as "4 problem-solving method is applied to a

task definition and afier a mapping of (generic) terms used in the method description onto
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the task specific terms, the body of the task can be instantiated from the method
description".

At this point it is also necessary to note that the CommonKADS library includes a number
of different PSM’s (problem solving methods) which can be applied to different tasks. As
outlined in Breuker and Boer [1998], it is a current issue of debate as to whether a
problem-solving method can be considered independent of the task to which it is applied —

i.e. are problem-solving methods generic?

The CommonKADS library of problem types and problem-solving methods is not intended
to be a static library. It is intended as a dynamic library with models continually being
updated and refined. For example, in the field of planning, Benjamins et al [1996] are
working to expand and refine the problem-solving methods applicable to the planning task.
The intention of the developers of the CommonKADS suite of problem types and expertise
task models is that they act as suitable templates that can then be refined by knowledge

engineers when implementing KBS.

In an earlier section I outlined how the KADS methodology outlined a hierarchy of
different tasks, which had particular characteristics in common. However, as we can now
see, the application of a particular problem-solving method can also be used to characterise
problem-solving expertise. Hence current CommonKADS thinking suggests that it is not
the task that is generic but that there are in fact a number of different problem types with
their own distinctive and generic nature. In addition, any given task may require the

solution of a number of different problem types.

3.7 The CommonKADS suite of problem types

In their groundbreaking work in Al, Newell and Simon [1972] characterise problems as
"some conflict between a current state and a goal state". This ‘goal state’ was assumed to
exist in the problem space of possible solutions. Breuker [1994] goes on to suggest that a
given problem type (e.g. design, assessment etc) is defined by the type of solution implied
by the problem type — "problem types are defined by their generic solution or

conclusions”,
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Breuker suggests the design problem type is characterised by a "structure of elements".
This corresponds with Chandrasekaran [1990]’s view of the design solution as an assembly
of sub-components and some of the other definitions for design discussed in Chapter 1.
Breuker goes on to outline how this emphasis on different problem types has allowed the
suite of problem types to be classified — "by distinguishing the problem types from the

tasks, common and rational dependencies between problem types become visible".

I will now outline the important points that CommonKADS assume differentiate problem

types from tasks, this is expanded on in greater detail in Breuker [1994].

Breuker suggests that there are three steps involved in going from a given problem type to
a task. These are identifying the problem where a discrepancy between a current state and a
norm state are identified. This is followed by defining the problem, whereby potential
solutions aim at a goal. The third step is to turn the well-defined problem definition into a

task by constructing a problem-solving method.

Different problem types do not exist in isolation, rather there are important dependencies
between the different problem types. As an example (Breuker [1994]), I will use the design

problem type to illustrate these dependencies.

On first inspection, the design problem can imply the generation of a solution in the form a
structure of elements. However, the driving force for this design problem is in the form of
a set of requirements. These design requirements are not simply given, they are taken to be
the result of a modelling process (where modelling is another problem type). Therefore the
design task contains both modelling and design problem types. This dependency is

illustrated in figure 3.1
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modelling —> design

Figure 3.1: Dependencies between modelling and design (adapted from Breuker

[1994]).

Current CommonKADS thinking suggests that different problem types are dependent on one another. The
generic solutions from one problem type act as input roles to another. For example, the design problem type
is dependent on a prior modelling task being performed to determine the requirements of a design, typically
in the form of a design specification.

However, Breuker goes on to argue that the assignment of the structure of elements
generated as part of the design problem to a physical implementation is a further necessary
step. If this assignment problem results in any unforeseen problems, this may result in a
drastic reconfiguration of a system and the possibility of redesign. Hence this further

dependency between problem types is now shown in figure 3.2.

modelling —>  design —> assignment ——> prediction —> monitor

—> diagnosis ——> design

Figure 3.2: Dependencies for the complete design cycle. (adapted from Breuker
[1994])).

As well as the design problem type being dependent on a prior modelling task, there are dependencies
exhibited between problem types that occur after the design task. For instance, the generic output of the
design problem type is a structure of components. The assignment problem types takes this structure as input
and distributes additional elements over the structure, typically in a configurational manner.

The dependencies shown on Figure 3.2 also imply some iteration may be necessary
between the different problem types during accomplishment of the design task. Detailed
analysis of other problem-types show similar dependencies. Hence CommonKADS
suggests that the suite of different problem types and their dependencies is now as given in

figure 3.3
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Figure 3.3: The CommonKADS suite of problem types (adapted from Breuker

[1994]).

The complete CommonKADS suite of problem types exhibits the dependencies between the main
CommonKADS problem types. These types are characterised as being either synthetic, modificational or
analytical in nature. In addition, Breuker differentiates between problem types concerned with structure
(design, assignment etc) and those concerned with behaviour (planning, assessment).

The steps involved in going from a problem type to a task involve the construction of a
task decomposition. The task decomposition for a task, in the form of an expertise task
model, is dependent on the problem-solving method(s) that are applied to the task in order
to solve it. Work on both KADS and CommonKADS has resulted in the development of a

number of different expertise task models for the design process.

3.8 The KADS expertise task models for design

The original KADS methodology resulted in the development of a number of models for
the design task. The complete set of expertise task models for design, developed as part of
KADS and CommonKADS, are detailed in Appendix A.

In order to help illustrate the work done and what the structure of the different models
imply, some of the models relating to design will be discussed and analysed. Figure 3.4
shows the KADS generic task structure for the design task. This model shows how

knowledge roles (in the rectangular boxes) act as input to tasks or inferences (shown in
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ellipses). The output from each sub-task are further knowledge roles, which can then act as

inputs to further sub-tasks.

Each sub-task may be expanded in a similar manner to give a task decomposition diagram.
Different problem-solving methods may be used to accomplish the different sub-tasks,
each giving it’s own task decomposition. Where it is assumed a task or sub-task cannot be

expanded any further, the sub-task is assumed to be a primitive inference.

The concept of a ‘knowledge role’ is used so that any knowledge an expert may use in
problem-solving may be structured in different ways depending on the task or sub-task it is
applied to. For instance, a sub-assembly of components may be linked to the knowledge
role ‘Solution’ output from some design task or it may appear as the role ‘Specification’
input to some assignment task. For further details as to the structure of KADS and
CommonKADS expertise task models and the concepts of sub-task, inference and roles,
see Breuker and Van de Welde [1994].

At the top level of abstraction, the original KADS model for design represents a serial
approach to the design process. This task structure for design is broadly in agreement with
the prescriptive models for the design process presented earlier in Pugh [1990] and Pahl
and Beitz [1984]. However Pahl and Beitz suggest that an embodied design would be an

intermediate stage between a conceptual design and a fully detailed design.
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Figure 3.4: The original KADS task structure for the generic design task (adapted
from Tansley and Hayball [1993]).
This expertise task model shows how the design task was originally modelled by KADS as being composed

of three separate sub-tasks: expand/transform, select/aggregate and transform/expand. Via these sub-tasks, a
detailed design is derived from an informal problem statement.

KADS also included two refinements of the design task, hierarchical and incremental
design. Incremental design implies that the developed conceptual model is decomposed
into a number of functions that the model must accomplish. Each function is then matched
to a suitable component, which will fulfill the stated function, and the components are then
combined to arrive at a detailed design, using an existing model as the basis for combining
the different components. As discussed earlier in this chapter, the method of functional
decomposition is extensively used in the design process (see Pahl and Beitz [1984],
Schmidt and Schmidt [1996] etc.). Chandraserkaran [1994] gives a historical review of the
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field of functional representation and it’s use in fields such as design. However, while the
KADS model uses this method to generate a detailed design, other texts analysed use this
‘method’ to derive conceptual designs from a specification, not for this latter part of the

design process. For an example see Sharpe and Bracewell [1993].

Hierarchical design involves deriving a skeletal model from a formal specification and a
set of models. This model is then decomposed to component level. Each component is then
‘designed’ in the same way in a recursive manner until the component is specified at a
sufficient level of detail. The components are aggregated to form the detailed design and
there is a ‘compare’ inference to ensure the detailed design complies with the original

formal specification from a functional perspective.

Both these lower level models of design imply that the product being designed is somehow
decomposed into it’s constituent functions / components. This is analogous to the
‘chunking’ approach discussed by Ulrich and Eppinger [1995]. They show how individual
functions can be combined into one component or ‘chunked’ across different components

and discuss the advantages and disadvantages of the two different approaches.

I would consider the overall KADS model for design model to be very coarse-grained in
that it gives a high-level overview of how the design process occurs. However, it does not
give much indication, at a more fine-grained level, of how the design process occurs. The
models for hierarchical and incremental design give more information about how the
design process may be further decomposed into subtasks. However, neither of these

approaches makes any reference to concurrent consideration of life-cycle perspectives.
3.9 The CommonKADS expertise task models for design

The CommonKADS models for desigh (see Bernaras and Van de Welde [1994]) expand on
the models developed as part of KADS and attempt to synthesise the work of different
researchers, including Steels [1990] and Kruger and Wielinga [1993].

Kruger and Wielinga used protocol analysis to analyse a number of single designers

working on the same given design task. Based on their study, they suggest that designers
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use the decomposition—solution-recomposition method for the design problem. They
suggest that no evidence can be found for designers working in the propose—critique—
modify mode. However, they do suggest that during the identification of requirements or
constraints, the problem is approached from different viewpoints including ergonomics and
construction.

Because of the nature of the study (a single designer developing a design) it is perhaps not
surprising that there is a lack of evidence of concurrency. I believe that the case studies
analysed by Kruger and Wielinga do not adequately reflect the reality of how concurrent

design occurs in an industrial setting.

The CommonKADS models for design presented by Bernaras and van de Welde [1994]
view design as two distinct phases of analysis and synthesis, representing the requirements
definition and solution generation stages. These two phases are examples of the
CommonKADS problem types modelling and design respectively. In terms of the different
problem types discussed in an earlier section, the analysis stage is effectively the
modelling problem type while the synthesis stage is the problem type I would generally

perceive as a design problem type.

Analysis is seen as translating the ‘needs and desires’ of a customer into a requirements
description. These requirements are then further formalised, in the form of constraints, as
problem statements. Hence Bernaras and Van de Welde propose a generic task structure

for design as shown in Figure 3.5.
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Figure 3.5: The CommonKADS task model for the analysis and synthesis stages of the

overall design process.

Analysis and synthesis are examples of the CommonKADS problem types modelling and design respectively.
Hence, it the synthesis task which would generally be considered as 'design’ although the analysis task is
clearly an essential precursor to the synthesis task. Requirements are the criteria for evaluating a design
solution while problem statements (constraints) are these requirements expressed in a formal and concise
manner.

Effectively the analysis process is one of interpreting abstract customer ‘needs and desires’
into a more concrete, formally expressed representation. The analysis models presented by
Bernaras and van de Welde depend on how abstract the initial customer request is. This
could be anything from a very naive customer request expressed in vague and abstract
terms to a fully specified requirements document. They view the analysis phase as
understanding the knowledge a customer has, hence analysis can effectively be seen as
performing a knowledge elicitation exercise with the customer. This analysis phase
extends into the area of requirements engineering, a rapidly expanding field. Hoffman
[1993] gives a general review of work in this area while Siddigi and Shekaran [1996]

outline some trends in this field.

76



Barneras and Van de Welde [1994] view design synthesis as a more complex task and
develop design models viewed from three different viewpoints. These are the construction
dimension (relating to the object or artefact), the requirements dimension (relating to the
intended user) and viewed from the type of static design knowledge available. From the
requirements dimension, they present models for routine, innovative and original design,
based on how well defined the given specification for the design is. These correspond to
the types of design outlined earlier by Pahl and Beitz [1984] and others. From the types of
static design knowledge available they outline models for case-based design,

transformational design, decomposition based design and generic model design.

The construction dimension is concerned with the elements and their attributes involved in
the design problem. They view allocation, configuration design and parametric design as
being types of design in this class and present several models for parametric design. These
models outline in more detail the task structure that results from a designer producing a

detailed design from a formal specification.

From the requirements dimension, original design has the task structure shown in Figure
3.6. This task model clearly involves the exploration of a product's requirements. However,
the sub-task 'construct design' does not give any detail as to how this task might be

accomplished.
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Figure 3.6: The CommonKADS model for original design.

In this type of design the requirements evolve in parallel with the design process. However, the model does
not give any indication as to how the sub-tasks of ‘discover conflicts’ and ‘negotiate’ occur.

Kingston [1994] suggests that a further specialisation of the generic design task is
exploratory design (see Appendix A). This is essentially a rapid prototyping form of design
whereby a design is generated and presented to the user. The user then identifies further
constraints, which were not specified, or immediately apparent in the original problem
definition and this modified problem definition then acts as the driving force for a new
round of design proposal. This is analogous to the CommonKADS model for original
design (i.e. the requirements for the design evolve in parallel with the design synthesis

process).
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The model for exploratory design proposed by Kingston [1994] does address the issue of
design constraints being evaluated. However the implications of Kingston’s research are
that this is again done after a complete design has been generated. Kingston also considers
constraints as being the major components of what is effectively a design specification and

does not fully expand on what I believe is an important distinction between constraints and

functions in a design specification.

From the construction dimension, Bernaras and Van de Welde [1994] present a
CommonKADS model for case-based reasoning having the expertise task structure

outlined in Figure 3.7.

Set of Problem
episodes statement

Design
episode

< transform

Design
solution

Figure 3.7: The design task being solved by application of a case-based problem-

solving method.

Case-based reasoning (see Kolodner [1993]) involves adapting a past case to fit a new set of requirements.
Aamodt and Plaza [1994] give an introduction to work in this field. One of the critical issues is in how to
select a suitable case to match the requirements of a given scenario.

Via this method, a suitable episode is selected from a library of previous cases. This is then

modified or transformed to meet the requirements of the problem statement.
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3.10 A critical analysis of CommonKADS design models and concurrency

As a general model for the design process, the splitting up of the design process into
analysis and synthesis reflects the attitudes of other design researchers and also the actual

practice of design.

From the requirements dimension, Bernaras and Van de Welde suggest that the analysis
and synthesis stages may proceed in parallel to a degree in that the design specification
evolves in parallel with the design solution. Some form of design specification must be in
place before any synthetic task can begin, however the extent to which the design is
specified before the synthesis task first begins dictates how ‘original’ the design process is.
I believes this reflects actual design practice in that it is very unusual for a specification for
a design to be fully developed before any work is done on the synthesis stage. This is a
theme explored in more detail by Kingston [1994]. Kingston’s model for ‘exploratory’
design implies that the design specification gradually evolves with each iteration of the
design synthesis process. Additional constraints pertinent to the design are unearthed with

each cycle of design synthesis and these effectively reformulate the design specification.

However, within the design synthesis stage I believe that the approach of Bernaras and
Van de Welde does not adequately support the consideration of multiple, downstream life-
cycle perspectives. As a result, I believe there is a potential for further work to expand and
refine the CommonKADS suite of problem types, previously discussed in Chapter 2. In
particular, I believe that there are further steps between the design and assignment
processes described in Breuker [1994] (where the design is assigned to actual physical
elements). I believe that this is where the implications of downstream constraints will

impinge on the design process, see Figure 3.8.
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Figure 3.8: Dependencies between CommonKADS problem types and the scope for
further work (adapted from Breuker [1994]).

This shows the area where I believe my work can complement and expand on the existing design problem

types.

As discussed in the previous section, Bernaras and Van de Welde present different models
for design synthesis along both the construction dimension and from the types of design
knowledge available, e.g. case-based reasoning. These models for design proposal
effectively mirror the findings of other researchers previously described (Chandrasekaran
[1990], Maher [1990] etc.).

I would tend to view the design synthesis process in a slightly different way and believe
that the models for the different types of design are most effectively viewed as being
different problem-solving methods which may be applied to the design synthesis (or

proposal) task.

I also believe that the models presented by Bernaras and Van de Welde do not adequately
reflect the way in which the use of different methods may be utilised within the concurrent
design process. They do not explicitly make clear the way in which a number of different
proposal methods may be used within a particular design episode. For instance, the way in
which a large number of design problems are solved is via the decomposition-
recomposition method. This implies that different methods may then be used for the design
sub-problems generated, which imposes a dynamic, and complex control structure on the

application of different sub-tasks.

Critically, in terms of the concurrent design process, they do not consider the way in which
different life-cycle perspectives can impinge on the design process. I believe that the

knowledge relevant to these life—cycle constraints should act as an important knowledge
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role input to the concurrent design process. It has previously been outlined how this
consideration of downstream life-cycle perspectives is key to the concurrent approach to

design.

The CommonKADS library also includes a number of models for the modelling task (Top
and Akkermans [1994]). They see modelling as being a form of design and their comments
are very pertinent to the development of models for design. They believe the specify—
construct-assess PSM is used for the modelling task. The specify sub-task is where the
requirements for the model are outlined (similar to the analysis stage of design). The
construct and assess sub-tasks can be seen as analogous to the propose — critique tasks
outlined in Chandrasekaran [1990]. Top and Akkermans go on to describe the construct
task as being where design alternatives are generated and also where additional constraints

are identified.

Top and Akkermans also make some relevant points regarding the control structure
governing the task. Ideally, they suggest the overall modelling task consists of a single
specification step followed by an iterative process of construct—specify (or generate and
test). In practice, they suggest that the specification step will be repeated a number of times
to make implicit assumptions explicit. However, they also consider the case where
multiple viewpoints must be considered during the process. They suggest that the construct
— assess process must be repeated for each viewpoint. This corresponds to the situation I
have outlined for concurrent design where knowledge from a number of different
viewpoints must be considered during the design process. However, Top and Akkermans
suggest that ideally this process considers a single viewpoint at a time and do not consider

the case where multiple viewpoints have input to the process at the same time.

3.11 Constraints within models for design

Bernaras and Van de Welde characterise a problem statement as abstract customer ‘wants’
(needs and desires) which are refined to criteria (requirements descriptions) and then
further refined to constraints (problem statements). These problem statements then act as
constraints in the search for design solutions. However, in the engineering field, constraints

are not merely formally expressed criteria, they are believed to be subtly different entities.
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Hence I would view a problem statement as a design specification which contains
functions (criteria which dictate what the design solution must comply with) and
constraints (which dictate to an extent how the design solution is achieved). A simple
example would be a design specification for a car where a function might be expressed as
‘the car’s maximum speed must exceed 150 KPH’ while a constraint might be ‘the design
solution will be presented within six months’. As Chandrasekaran [1990] states "The
distinction between functions and constraints is hard to formally pin down, however a
distinction is believed to exist”. Chandrasekaran [1994] gives a review of work on
functional representation. Wielinga and Schreiber [1997] state "constraints differ from
requirements in that requirements must be satisfied while constraints must not be
violated”. Brown and Birmingham [1997] succinctly capture the way in which I would

view constraints as “They describe what must not be violated”.

Constraints may also be of two kinds. The example given above would be specified by a
customer or market needs and will be termed an external constraint. However there will
also be constraints on the design that will be dictated by perspectives downstream from the
design process. A typical example might be that only a limited number of manufacturing
processes are available to produce the resulting design. This type of constraint is unlikely
to be of interest to the customer, hence it can be termed an internal constraint. These
‘internal constraints’ are key to the concurrent approach in that they represent how
downstream perspectives can affect the design. Internal and external constraints in this
context are to my own definition and are taken as being different from those outlined by
Lawson [1990], where internal constraints are defined as being under the designer’s
control whereas external constraints are fixed externally (e.g. standards, customer dictated
constraints etc.). Constraints are also sometimes viewed as being ‘hard’ or ‘soft’ depending

on the degree to which they may be relaxed or ignored (see Rajeev et al [1993]).

3.12 Knowledge roles input to the design process

Another criticism of the models for design is that they are deficient in the knowledge roles
that play a part in the design process. These are in addition to the roles representing life-
cycle constraint knowledge, which have already been outlined. Clearly during the

‘construct design’ stage (and other stages), a complete design is not instantaneously
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generated. A design will evolve in stages. Hence clearly an important role is played by the
current state of the design. This could possibly be a conceptual model or a fully detailed
design, as the models analysed imply. However it could also be at some intermediate stage
where some parts comprising a concept are detailed etc. This model could be physically
manifested as sketches, CAD drawings etc. or some combination of these. Hence, this
knowledge role, which will be termed the ‘current design model’, must play a continual

role in the design process.

It may also be necessary to provide a number of different ‘views’ on this model so that
personnel with differing expertise are able to analyse this model from their own
perspective. E.g. a designer might be interested in the form of the product, hence a 3-D
model would be required, while an assembly engineer would be interested in interactions

between different components comprising the evolving design model.

The potential importance of the critiquing and negotiation tasks within concurrent design
has already been noted. A number of different researchers have outlined models of how
critiquing and negotiation may occur. It is now necessary to analyse where these models
have been formalised as knowledge-level models and if not, the form such models may
take.

3.13 Formalised models for critiquing

CommonKADS does not contain a generic model for the critiquing process, however a
number of researchers have suggested that critiquing as a task may have a number of
generic features (Krishnamoorthy et al [1991]). CommonKADS does include a number of
models for the assessment task, see Valente and Locknehof [1994]. However critiquing is
believed to be more encompassing than assessment as a task. The result of an assessment is
basically an allocation to a decision class or some other factor chosen from a predefined set
of results, such as a statement of difference. While a critique may include such an
assessment, it is also likely to include a rationale for the critique and even some counter-

proposal to the artefact (in this case a design) being critiqued.
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The models for critiquing presented in the previous chapter have mainly been derived from
work to develop computationally based critiquing agents and a number of different
possible forms for the critiquing task were presented. However, a number of issues are
pertinent to how human ‘agents’ involved in the concurrent design process may critique a
design from different perspectives and it is informative to discuss at this stage how such

issues could be represented in a task type structure.

Based on the task-type representation formalism of CommonKADS, it is possible to outline
some issues relevant to a model for critiquing based on the analysed literature. For
instance, a critic may generate their own proposal for the portion of the design of interest
before comparing with the originally proposed design. However, another approach is to
outline sub-optimal aspects of the given design without necessarily generating a complete

alternative solution.

A number of different inputs and outputs to the critiquing process were also evident.
Clearly, the most important inputs are the evolving design that the critic is to critique and
the specific domain knowledge of the life-cycle aspect that the critic represents. However,
some knowledge of the capabilities of the original proposer of a design are also seen as
being important. One possible motivation behind a critique might be to educate the original

proposer of a design.

There can also be a number of different outputs from a critique. These include some
assessment (either quantitative or qualitative) of the proposed design, an alternative
proposal, an indication of areas where the original design is sub-optimal, some form of
explanation or rationale for the critique and where different constraints have either been

violated or even constraints the original design has failed to address

3.14 Formalised models for negotiation

In the context of design and engineering, there appears to be little in the way of formalised,
knowledge-level models of the negotiation process. Klein and Lu [1989] outline five
different computational models, as distinct from knowledge-level models, of conflict

resolution. These are development-time conflict resolution, backtracking based failure
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handling, numerically weighted constraint relaxation, specific conflict resolution advice
and general conflict resolution expertise. However, they acknowledge that compiling
development-time conflict-resolution strategies for all eventualities may be prohibitively
time consuming. Shaw and Gaines [1989] present a formal approach to resolving conflict

at development time.

As for critiquing, a number of issues relating to a possible knowledge-level model for
negotiation can be discussed. These include the nature of the negotiation. Conflicting
forms of negotiation will likely result in different models for the negotiation task when
compared to more cooperative forms of negotiation. Strategies such as concession making
are also important while knowledge of constraints and other forms of knowledge are

critical.

3.15 Chapter Summary

Techniques from artificial intelligence have been used to model the design process. These
have resulted in both cognitive models and knowledge-level models. Models at the
knowledge-level have been formalised as CommonKADS models for design.
CommonKADS is seen, in Europe at least, as being the standard methodology for
developing knowledge-based systems. This chapter gives a concise summary of the

relevant aspects of this methodology.

CommonKADS suggests that there are a number of different problem-solving types, design
being one of these types. There are a number of dependencies between these types and the
solution of a given problem, such as design, may involve a number of these different
problem types. CommonKADS also outlines a number of possible expertise task models,
which describe how the design task may be accomplished by application of a suitable

problem-solving method. These different models are discussed.

However, the existing KADS and CommonKADS models for design do not implicitly
support the process of concurrent design, where I have defined the principal distinguishing
characteristic of concurrent design as allowing the input of knowledge from different life-

cycle perspectives at the design stage. Critiquing and negotiation represent possible ways
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in which such life-cycle issues may be incorporated in the concurrent design process,

however, no formalised, knowledge-level models for theses tasks are believed to exist.
In the next chapter, I go on to look at existing tools to support both the design and

concurrent design processes. In particular, I analyse the underlying design models that

these systems are based on.
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4 Computer support for design

4.1 Introduction

In the two previous chapters I have described different models for design and how these
héve been formalised as expertise task models as part of the CommonKADS methodology.
A fundamental implication of CommonKADS thinking is that such models will ultimately
be used as the theoretical underpinnings of some computer-based tool, which either

performs or supports the task in question.

In this chapter, I begin by discussing two fundamental ways in which computers can be
used within the context of the concurrent design process. I then go on to look at how
computers have generally been used within the context of both design and more
specifically, concurrent design. In particular, I focus on the theoretical models, if any,

underpinning such systems.

I conclude this chapter by summarising the issues that have been discussed so far in the
areas of models for design and how they can support the concurrent design process. I then
go on to look at how these models can be refined and expanded on in order to provide

more comprehensive support for the concurrent design process.
4.2 Systems to do or support design?

An implicit assumption of some of the early work on Al in design (and also on other
problem-solving tasks) has been that the complex cognitive activities associated with
performing the task could ultimately be encapsulated within self-contained computer

programs.
This essentially forms the basis of the research. That knowledge-level models for a

particular process or task, in this case concurrent design, can ultimately be used as the

basis for some computer-based tool to support the process or task. Liddament [1999]
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outlines the general assumption encountered in the literature that computers may be used to

support the design process (and indeed should be used for such a purpose!):

"there is implicit in much of the writing about computationalism an a priori belief that
human cognitive activity must be encodable in some specifiable set of explicit,
unambiguous instructions of the type that could be produced in the form of a program to

be run on a serial computer".

Liddament then goes on to question the entire philosophical basis upon which existing (and
possible future) computer support for design is based. Liddament suggests that the
computational paradigm is deficient (and possibly inappropriate) for supporting the design
process. Liddament suggests that encapsulating the cognitive activities encompassing
design is currently untenable. To a certain extent I believe this stance to be valid and this is
why the goal of this research is the development of knowledge-level models for concurrent

design as opposed to cognitive-level models.

However, I believe it would be inappropriate to conclude that computers cannot be used at
all to support the design process in some way. Computers are clearly useful tools and are
currently successfully used by designers to support them in different aspects of their work.
I believe it would be counter-productive to ignore their possible use in supporting the
design process. I believe that concurrent design, because of it’s inherently multi—
disciplined nature, requiring knowledge input from a wide and diverse range of sources,

can greatly benefit from computer-based support.

The reflective practitioner approach to design also questions whether knowledge that is
applicable to a particular design situation can be generalised to suit other design situations.
Hence, based on the presented evidence, I believe that the idea of a generic ‘design
machine’, whereby a computer programme automatically generates designs across a wise
range of domains, from an input set of specifications, using the same cognitive

mechanisms utilised by human designers, is an unrealistic goal at this time.

A number of tools, such as the ACDS system outlined in appendix B (see Darr and

Birmingham [1994]) have had considerable success in generating designs, in a particular
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domain, using a fully automated system. The ACDS system exhaustively generates the
space of all possible designs. However, I believe this is not a method commonly employed

by human designers and scaling or extending such a method would be difficult.

An alternative is to support the design process with systems that act in a subordinate,
supporting manner to designers and design teams rather than attempting to supplant human

designers. Smithers et al [1990]:

" ... which are simply able to create designs by some means or other. The other approach
is to try to build systems, again usually computer programmes, which provide intelligent

support to people doing design".

Lander [1997] also asks where strategic control for an application will lie. L.e. is it
distributed in the different software agents or does it rest with th¢ human users? My
conclusions are distinctly biased towards the latter given my current undérstanding of
strategic control of the design process. This is supported by Chandrasekaran [1990] who

suggests that computer support for the design process is best supported:

"not by architectures that impose a monolithic task structure on the designer but rather
more flexible architectures that allow designers to pick and choose different problem-

solving methods for different parts (or sub-tasks) associated with the design process".
4.3 Computer support for concurrent engineering, design and concurrent design

Because of the uptake of concurrent design principles and techniques by industry, it is
perhaps inevitable that a large number of research tools have been developed or are being
developed to support the concurrent design process. Molina et al [1995] present a review
of work to develop computer aids to the simultaneous engineering process. Culley et al
[1996] indicate how computer-based tools and multi-disciplinary teams are currently being

employed in UK industry.

Appendix B describes a number of additional computer-based tools that have been

developed to support design and concurrent design. It must be emphasised that this is not
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meant to be a definitive survey of all such tools. Rather, I have presented a representative

sample of such tools in order to outline typical characteristics shared by the tools.

Support for concurrent design can be classified as either enabling communication between
personnel involved in product design or simulating the expertise necessary to support
concurrent design using knowledge-based systems. However the two approaches are not
mutually exclusive and systems and research described may contain elements of both

approaches.

Much research has been done in the area of facilitating communication between team
members at the level of systems, human factor aspects and computer-mediated co-
operation. Many organisations that have implemented a concurrent design philosophy
support distributed teams with computer networks etc. Fischer [1990] looks at some of the
requirements of such problem-solving systems. The SHARE project (see Toye et al
[1994]) consists of a number of sub-projects, the main aims of which are to support design
teams by enabling shared understandings of designs through the use of information
technology. Next Link (see Petrie et al [1994], Petrie et al [1995]) is one such sub-project.
Next Link is a framework, allowing existing software tools (which support design) to
communicate over the Internet. Such research extends to the emerging area of computer
supported co-operative work (CSCW). Mccarthy [1994] presents a review of work in this
area. Stevenson and Chappell [1994] review CSCW and PIM (Product information

management) tools to support concurrent engineering.

However, while facilitating communication is clearly of vital importance in supporting the
design process, this is not the main focus of this research. Rather, it is in the use of
computational techniques to model the expertise of participants in the concurrent design

Pprocess.

4.4 A discussion of some existing tools to support design

A number of the systems outlined in Appendix B and also other computer-based support
for concurrent design have achieved success in supporting designers and design teams in

the design process. However a common criticism aimed at some of these tools is that that
91



they are not based on an underlying model of design which reflects what happens when
real-life designers actually design (Landauer [1995]). They suggest that system
development has been driven more by technical considerations regarding what computers
can be made to do rather than in analysing how designers and design teams can best be

supported.

Smithers [1996] argues that, in general, knowledge-based support for design has been
implemented in a fairly ad hoc manner without the assistance of lessons from the field of
knowledge engineering: "so far all this engineering activity has been carried out in the
absence of any useable theory or theories of design process" ... "designing gets
characterised by what we can get computer programs to do, rather than what really goes

on when professional designers design".

To a certain extent, this is a valid criticism, especially in respect of explaining why there
are many more failed systems than successful ones. A large amount of work I have
analysed and reviewed concentrates on the computational aspects of the systems. This can
include considerations such as whether an object-oriented approach should be used and
which programming language a possible tool should be implemented in. One possible
reason for this preoccupation with computational aspects is that a number of the tools
outlined have been developed by technologists whose main areas of expertise lie in the

computing arena and not design methodology and theory.

Generally the systems reviewed incorporate a fixed and prescriptive model for the design
process. For example, the CACID system (Schmidt and Schmidt [1996]) assumes a
functional decomposition and recomposition type model for the design process. This is a
commonly encountered model prescribed by other systems. Ligman [1990] also advocates
the use of functional attributes as a means of generating novel designs. By contrast, the
SPARK system (Young et al [1994) uses a constraint satisfaction approach. However, as
the preceding chapters have show, there are many other plausible models for the design
process and a single design problem may incorporate the use of a number of different

process models in its solution.
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Smithers et al [1990] suggest that in artificial intelligence there are two distinct ways of
studying design. One approach is to build systems, which attempt to replicate human
design behaviour, the other is build systems which provide intelligent support to people
doing design. I believe that the critiquing paradigm offers a more suitable method of
supporting designers and design teams as opposed to a more traditional ‘expert system’
based approach (where the computer-based system effectively supplants an expert in some
problem-solving task, such as design, rather than supporting them). Fischer et al [1993b]

see an effective design support environment as a "co-operative problem-solving system".
P

I would subscribe towards this view of computer-based systems to support design, which is
summarised by Finger et al [1992] when they state "an intelligent design system should aid
the designer in understanding the interactions and trade-offs among different, even

conflicting, requirements".

An increasing number of researchers are calling for more basic research into how
designers actually work and think and the development of more complete models of the
design process. Smithers [1996] in particular, has called for the development of
knowledge-level models of the design process in order to facilitate the development of
more effective computer support for design. Computer-based systems to support the design
process should mesh smoothly with the social and organisational settings in which the
system will be used. Landauer [1995] suggests that many existing IT systems have not
been successful because these factors have been ignored. However these issues should not
be taken as a blanket criticism of existing work that has been done. Clearly, a large number
of very valuable and credible systems have been developed which go a long way to

improving computer-based support for design.
4.5 A recap on design models, methodologies and tools
In this and the previous three chapters, I have outlined a number of different models, which

model the process of design and discussed to what extent these support the concurrent

design process, which has it’s own distinctive characteristics.
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Two distinct paradigms which describe design, the prescriptive and the rational
pracrtitioner approach have been described and discussed. The prescriptive models for
design give general, high-level guidelines as to how the design process should proceed but
give little indication at a finer level of detail as to what actually happens when designers
and design teams work. The rational pracrtitioner approach attempts to describe at a lower

level of detail how elements of strategy are incorporated in the design process.

In addition, I have outlined how these models can be considered as cognitive or
knowledge-level models. Research from the field of artificial intelligence indicates that the
design process may be considered as a series of sub-tasks of propose-critique-modify.
While I believe that the sub-tasks of propose-critique reflect how concurrent design can
occur, the modify task is not felt to adequately reflect the sometimes complex process
whereby conflicting critiques of a design are incorporated into a revised design solution or
proposal. The concept of negotiation has been introduced as the process whereby such

conflict resolution can occur.

A number of the prescriptive models for design have been formalised as knowledge-level
models as part of the CommonKADS methodology. However, none of the models
developed as part of CommonKADS explicitly supports the process of concurrent design. I
have discussed where these models fall short in their potential support for the concurrent
design process. Hence, I believe 1 have outlined where useful research can be done to
develop knowledge-level models for the process of concurrent design. This would act to
improve support for developers of knowledge-based systems in the field of concurrent

design.

4.6 The experimental basis for existing knowledge-level models for design

In the previous chapter I have described a number of existing knowledge-level models for
design developed as part of the KADS and CommonKADS methodologies (attributed to
Bernaras and Van de Welde [1994], Kruger and Wielinga [1993] and described in Tansley
and Hayball [1993]). I have also briefly discussed the experimental methodology used by
Kruger and Wielinga [1993] and noted how the study they used to inform their model for

design was based on a protocol analysis study of a single designer.
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However, perhaps surprisingly, Tansley and Hayball [1993] and Bernaras and Van de
Welde [1994] make no reference to any case studies from which the presented models for
design have been derived. In fact, Breuker and Boer [1998] suggest that a large number of
the expertise task models (which are effectively based on different problem-solving
methods as discussed in Chapter 2) in the CommonKADS library have been derived from
studying the available literature - "most PSM’s were collected from descriptions in the

literature".

It is a central tenet of this research that if knowledge-level models are to adequately reflect
the working practices of actual designers, the models must necessarily be informed by the
problem-solving expertise these designers utilise in their work. This implies that, ideally,
the models should be developed from observation and analysis of expert designers and
concurrent design teams engaged in real-life design scenarios. This necessarily raises
issues of how practicing designers and design teams can be observed and how knowledge

elicitation can most effectively be performed in such situations.
4.7 Chapter Summary

A number of different computer-based tools to support the concurrent design process have
been outlined. These systems either act in a communication-enabling role or play a more
active part in the design process. The knowledge-based systems described range in scope
from simple expert systems to multi-discipline design support systems. The researched
literature suggests that knowledge-based systems should be used to support the designer or

design team during the design process rather than attempt to replace them.

In addition, it has been discussed how most concurrent design support tools have not been
developed based on an underlying theory or model for concurrent design. Tools to support
the design process have been influenced more by computational considerations than by any
model of how designers work (or indeed would like to work). I believe that a knowledge-
level model for the concurrent design process would usefully inform the development of
such systems. In order to do this, it is necessary to consider how best to experimentally

develop such models.
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The experimental basis on which existing CommonKADS models have been developed has
also been questioned. As far as can be determined from the available literature, the models
have been developed more by thinking about the processes or tasks in question, rather than

by experimentally observing and analysing personnel involved in the activities.

In order to evaluate possible ways in which concurrent design may be experimentally
analysed, in the next chapter I will go on to discuss different ways of experimentally
analysing expert behaviour and in particular, methods that have been used to analyse the

design and concurrent design process.
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5 Methodology

5.1 Introduction

Techniques and approaches to the analysis of human problem-solving continue to develop
and is an ongoing field of enquiry. As a result, there is no absolute, guiding methodology

for the analysis and modelling of human problem-solving behaviour.

A number of different techniques have been used to analyse human activity while
performing some complex task (this has often been done with a view to implementing this
behaviour in a knowledge-based system). This coaxing of knowledge out of an expert or
experts is usually termed elicitation. I begin by analysing how different researchers have
attempted to analyse design activity. An important aspect involved in analysing design (or
any other problem-solving activity) is the way in which the observer affects the outcome of
the expert's problem-solving. A key summary of this evaluation of techniques that have
been used to analyse design is that while extensive research has been performed and indeed
is still ongoing as to how best to analyse design behaviour, there are no definitive or

concrete guidelines for this process.

As a result, this chapter then goes on to present a brief but focussed review, which
discusses the most widely used elicitation techniques in domains other than design and
outlines their strengths and weaknesses. Firlej and Hellens [1991], Wielinga et al [1990]
and Jackson [1990] act as a good starting point for further work in this area.

Broadly speaking, methods for developing knowledge-level models can be split up into
top—down and bottom—up methods. This chapter assesses the strengths and weaknesses of
the two different approaches and their suitability for eliciting and modelling concurrent
design behaviour. A number of the top-down methods, in particular, are advocated by
CommonKADS as suitable means of knowledge elicitation and expertise model

development.
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I finish by describing my own methodology for analysing concurrent design behaviour
which utilises elements of both the top—down and bottom—up approaches. I discuss the
thinking behind the evolution of the method and how this was used to drive the
development of an initial knowledge-level model for concurrent design. Throughout the
discussion I use the term ‘knowledge engineer’ to describe the role played by myself in the

knowledge elicitation process.

5.1 Methods that have been used to analyse design behaviour

Knowledge elicitation can be defined as the process whereby a knowledge engineer
attempts to glean (or coax out) and then verify information and data from an expert,
regarding their expertise in some specialist task. Knowledge acquisition is a more all
encompassing term and implies the acquisition of knowledge from all sources including
books, technical manuals etc. as well as from human subjects and it’s subsequent
representation in a computable form. Gruber and Russel [1991] use the term ‘design
knowledge capture’ to describe this eliciting, recording and subsequent modelling of

design knowledge.

The analysis of a complex problem-solving task, such as design, is potentially a very
difficult undertaking. I will begin surveying some contemporary studies of the design

process, which principally make use of the technique of protocol analysis.

Protocol analysis is one of the most widely used techniques for attempting to determine
cognitive behaviour while performing some complex task. This technique involves the
subject ‘voice their thoughts’ while performing the task. Clearly, this gives more insight
into the task than might be gained by merely observing the subject perform the task in
silence. Typically, the subject will be recorded while the task is being performed (usually
audio but sometimes video recording). The recordings are then usually transcribed to give

a transcript.

The technique of protocol analysis emerged from psychological research during the early
part of the century. However it was not until the wide availability of tape recorders that

studies of protocol analysis became a practical possibility. Some of the earliest studies
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include de Groot [1965] on chess playing and Newell and Simon [1972] on logical

problem-solving.

The main limitation with this approach is the assumption that people can accurately
articulate their cognitive processes as they perform some task. The actual process of
talking can also affect the experts’ problem-solving behaviour - Bainbridge [1979]
"Talking alters the experts thinking process". There can also be practical problems in some
situations due to factors such as not being able to hear the ‘expert’. Other researchers,
including Goguen and Linde [1993] have criticised protocol analysis because it fails to
take account of the social context within which the expert’s ‘voicing of their thoughts’

occurs. They term protocol analysis an ‘unnatural discourse form’.

However, despite these drawbacks, protocol analysis has been used in a number of
different domains, although it is only relatively recently that design activity has been

studied using this technique. Relevant research will now be discussed.

The complexity of studying real-life design episodes has been noted in a study by
Valkenberg and Dorst [1998]. In their study, Valkenberg and Dorst analyse the reflective
design practice of teams of student designers by dividing design protocols into ‘episodes’,
where each episode is believed to be pertinent to a particular mode of the design process.
They also give some other useful insights into this process. However, I believe that student
designers do not necessarily design in the same way as experienced, professional

designers, a view that is endorsed by Schon [1991]

In the study presented in Kruger and Wielinga [1993], a designer is observed performing a
given design task. Again, protocol analysis is used to analyse their performance. However,
Kruger suggests there is little evidence of the type of concurrency I have discussed
displayed by the designer. A contemporary study by Gero and McNeill [1998] attempts to
extend the protocol analysis technique through the use of a domain-dependent coding

scheme to give a richer coding structure.

Protocol analysis has also been extended to analyse teamwork activity, where instead of

having subjects ‘voice their thoughts’ it is the verbal interchanges between team members
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that acts as the basis for analysis. By looking at how different researchers have used this
technique to analyse design activity, the strengths and weaknesses of the technique for

divulging design behaviour can be assessed.

Cross et al [1996] give a very interesting account of a study comprising twenty different
research centres involved in analysing design activity. The different researchers or research
teams were all given the same tape recorded and videod protocols of both an individual
designer and different design teams working singly or collaboratively on the design of a
carrying rack for a bicycle. The resulting analysis of the protocols show a number of
different views of the design process. This study has generally become known as the Delft
workshops and its influence on subsequent protocol analysis studies of design activity has

been extremely significant.

Interestingly, most of the studies neglected to make use of the videod protocols and
concentrated on the tape-recorded protocols. This could be due to the difficulty of

analysing video footage of designers working.

The study analysed in the so-called ‘Delft workshops’ has a number of designers working
on a design simultaneously. I feel that such a scenario, while a realistic reflection of how
design can occur, diverges from a true concurrent environment as all three designers had
similar aims and objectives (i.e. the successful completion of a design). Their areas of
expertise were also similar and this is felt to be unlike a typical concurrent design
environment where the inputs from different personnel are likely to be conflicting in
nature. However the experiment resulted in a number of original insights into the design

Pprocess.

Some of the ‘Delft workshop’ studies also use a coding technique, whereby different parts
of a transcript are ‘labelled’ in accordance with a pre-defined coding scheme, in order to
analyse transcripts obtained from protocol analysis of design sessions. However, the choice
of coding initially used will inevitably affect the results. This coding technique has also

been used to analyse video recordings.
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Lloyd and Scott [1994] analyse five different engineers performing a similar design task.
They also analyse the protocol results using statistical analysis but then conclude that

qualitative methods are probably more suitable for analysing the designer’s behaviour.

In addition, there are a number of other drawbacks inherent in the protocol analysis
techniques. Typically, one hours tape recording can take five hours or longer to transcribe,
although tools such as data dictionaries can also be used to aid in this analysis of

transcripts.

The problems in having designers ‘think aloud’ as they accomplish a design task are
discussed in Galle [1996]. Galle goes on to suggest ‘replication protocol analysis’ as a
means of attempting to deduce design behaviour. By this technique, a third party is asked
to comment, in a retrospective manner on what they perceive to be the steps implied by a

completed design. Again, protocol analysis is used to analyse the results.

Stauffer and Ullman [1988] suggest that "Direct observation is a non intrusive method",
however Davies [1995] argues that analysing design activity by having designers ‘voice
their thoughts’ while designing can fundamentally alter the design process and has
limitations in revealing design cognition. Clearly these observations have implications as
to a suitable knowledge elicitation technique to use in order to analyse an expert’s steps in

performing some task.

Gruber and Russell [1991] outline how design rationales can be used to ‘explain’ or
‘justify’ how a particular design is génerated. In particular, they note the problem of
analysing expert behaviour in a group who can see no obvious benefit to themselves from
taking part in the analysis. Their method also requires that extensive design histories are
already available for the given design in order to stimulate discussions regarding design

rationale.

As a result, it is pertinent to summarise that a variety of methods and techniques,
particularly protocol analysis, have been used to analyse design activity. However, there is

no common consensus as to the correct methodology to use, although notable attempts to
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develop such methodologies are ongoing — see Davies [1995], Dorst [1995] and Lloyd et al
[1995)).

A number of researchers have commented on the lack of basic research in this area. Cross
et al [1996] suggest that "the industrial design domain has been studied relatively little",
while Stauffer and Ullman state ‘relatively little research has been based on empirical
evidence, especially in mechanical design’. Blessing [1994] gives a comprehensive listing
of existing studies in engineering design and concludes that ‘the number of detailed studies

in industry is low’.

The need for research in this area is further outlined by Gero and McNeill [1998] ‘there
has been remarkably little research on capturing, presenting and analysing the activity of
designing as carried out by human designers as a set of phenomena to be modelled'.

Because of its’ inherently multi-disciplinary nature and the resulting ‘conflict’ of
perspectives that can occur, concurrent design as a domain presents a number of interesting
and novel problems for the knowledge engineer attempting to elicit and model knowledge.
Klein and Lu [1989] in their study of co-operative architectural design state that
"knowledge acquisition in co-operative design presents special challenges and requires

additional techniques compared to traditional knowledge acquisition”.

Clearly, in order to develop knowledge-level models for concurrent design, some means of
analysing this activity is needed. I will now go on to look at additional techniques that have
been used to analyse expert behaviour in other domains and what application these may

have in analysing design behaviour.
5.2 A brief review of knowledge acquisition and elicitation techniques
Musen [1993] presents an overview of knowledge acquisition. In particular, Musen

outlines a number of perceived pitfalls and difficulties that may befall the knowledge

engineer when attempting to elicit and model expert problem-solving knowledge:
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e Tacit knowledge. Experts are not always able to introspect accurately and are not

always able to explain their expertise.

e Communication problems can occur between expert and knowledge engineer, as the
two do not always share a common ontology or vocabulary. This can be a particular

problem when the knowledge engineer first encounters the domain of interest.

e Knowledge representation methods used by the knowledge engineer may not be

applicable or suitable for representing knowledge in the domain.

e Failure to create a ‘deep’ model of the knowledge within a knowledge-based system
can lead to the system becoming ‘brittle’ when faced with unusual or unexpected

problems.

Clearly, these issues are of fundamental importance to developers of models of expertise

and knowledge-based systems.

The elicitation phase of knowledge-based system development has traditionally been the
bottleneck which has hampered the development of such systems, therefore extensive
research has been conducted in this area and a number of techniques and tools are available
to the knowledge engineer to aid in this process. For example, the ACACIA project is an
attempt to develop tools and a methodology for knowledge acquisition (see Dieng et al
[1994] for further details) while KADS was originally developed as a knowledge

acquisition methodology.

The field of ethnography outlines issues that must be considered when studying human
behaviour (see Bucciarelli [1988]). These more ‘human’ issues expand on the technical
issues previously discussed from Musen [1995] and include the possibility of ambiguities
arising between participants in the process in question and the context in which the process

occurs. Other possibilities to consider include:
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e The expert may be uncooperative and not wish to ‘share’ their problem-solving
expertise. This may especially be the case if the expert perceives any resulting

knowledge-based system as a threat.

e The expert may be constrained by time-scales and not see any immediate benefit to

them from a potentially obtrusive and time-consuming knowledge elicitation exercise.

e The personality of an expert can affect the elicitation process. An introverted expert
may be reluctant to discuss issues with the knowledge engineer while a more extrovert
expert may attempt to provide too much information or digress excessively from the

focus the knowledge engineer wishes to pursue.

e As has been discussed for protocol analysis, analysing an expert performing some task

may fundamentally affect the way in which they perform the task.

Major and Reichelt [1990] split elicitation techniques up into standard or contrived
techniques, standard techniques being for general purpose knowledge acquisition and
contrived techniques being used for more focused and specific knowledge elicitation. In
addition, elicitation and modelling techniques can be characterised as either bottom-up or

top-down in nature.

The elicitation and analysis techniques previously presented and discussed have indicated
how data is collected from observations of expert problem-solving. This data can then used
to generate models or hypotheses representing this problem-solving behaviour. This
represents what I shall term a bottom-up approach to the development of models of
problem-solving behaviour. This is analogous to the grounded theory approach (attributed
to Glaser and Strauss [1967]) where analysis of data is used to derive hypotheses and

models of expertise in a ‘bottom-up’ fashion.

However, models can also be.developed in a top-down manner. By this approach, models
are generated or hypothesised and experimental data is then used to refine and validate
these models. I will begin by analysing methods for knowledge elicitation which are
essentially bottom-up in nature.
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5.3 Bottom-up techniques for knowledge elicitation

Because of the data-driven nature of the bottom-up methods of knowledge elicitation, the

gathering and analysis of data is essential to these techniques.
5.3.1 Standard techniques for knowledge elicitation

These include interviews (structured and unstructured), thinking aloud techniques, direct
questioning and ethnographic studies (usually involving an ‘expert’ or team of ‘experts’

being videod performing a task),
5.3.1.1 Direct questioning

Direct questioning techniques can be useful for eliciting specific, concise information from
an expert. However this technique assumes the knowledge engineer is in the position to ask
the ‘correct’ questions, Musen [1993] - "the use of direct questions to elicit knowledge
however assumes the knowledge engineer asks the right questions and the expert gives the
answer, not what the expert perceives is a plausible answer"”. The comments regarding
direct questioning also apply to a large degree to the use of questionnaires. Goguen and
Linde [1993] analyse elicitation techniques for use in requirements engineering. However,
their findings are very pertinent to this research. They discuss the use of questionnaires and
outline their limitations in that they are effectively a closed form of interaction with a pre-

determined set of possible answers.
5.3.1.2 Interviews

This is probably the most widely used technique for eliciting knowledge from an expert.
Firlej and Hellens [1991] outline the importance of the interview in the elicitation process
"we stress the interview as the central, practical tool for successful elicitation". However
Firlej and Hellens [1991] also suggest "Experts do not always know what they know",
hence they go on to suggest that the interviewing process can become more focused as the
knowledge engineer becomes familiar with the domain being analysed. The knowledge

engineer may start with an overview interview in order to become familiar with the domain
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followed by increasingly more structured interviews. Following each interview, the
knowledge engineer should analyse the results of the interview (notes, transcripts etc.) and

review the findings before following up with more interviews.

Goguen and Linde [1993] see open ended interviews as having more potential for being
successful but stress that problems may occur because of the different category systems
(I.e. words mean different things to different people in different contexts). They see more
general discussion as being a technique to elicit knowledge that interviews may fail to

unearth.

The interview is a tried and trusted technique in the field of knowledge elicitation.
However in order to elicit information beyond general domain knowledge, interviews must
become increasingly structured from one interview to the next, as the knowledge engineer

becomes more familiar with the expert’s domain.

5.3.1.3 Approaches based in ethnomethodology

Goguen and Linde [1993] also discuss techniques from ethnomethodology, which can be
used to analyse conversations. For example, discourse analysis can be used to analyse
structures larger than sentences while conversational analysis attempts to describe the

underlying social context that makes conversation intelligible.

An interesting (and valuable) aspect of conversation analysis is the way in which, unlike
interviews, conversations are not pre-planned or ordered in any way: ‘the order of
interaction is negotiated in real-time as the conversation proceeds’ (Goguen and Linde
[1993]. This means that issues such as differing terminologies can be examined and
discussed as appropriate as the conversation between the knowledge engineer and expert

progresses.

To ensure each participant contributes to the conversation, informal techniques such as
‘turn taking’ can be utilised. Narratives from experts can also be important constructs for
divulging complex expertise and illustrating how particular problems may have been

solved historically.
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5.3.1.4 Recording techniques

Clearly, for interviews, thinking aloud analysis, questioning and also the contrived
techniques for knowledge elicitation, some means of recording an experts utterances (and
possibly actions) is necessary in order to be able to analyse the expert’s behaviour. Firlej
and Hellens [1991] suggest that tape recording should be used wherever possible although

issues regarding security and secrecy on the part of the expert may preclude this.

Ethnographic methods may involve the use of video to analyse personnel operating in a
real-life work setting. Videoing an expert or experts performing some task clearly gives
insight into the manual steps such a task involves, however it will not necessarily reveal

much of the thought processes utilised by a designer.

However, there are also practical constraints implied by videoing practicing designers in
industry. These include issues such as security of information, regular access to the
experts, analysis of huge amounts of video data etc. This view is echoed by Musen [1993]
who states " the considerable inconvenience and expense of ethnographic field work,

however, is a major barrier to widespread adoption of these techniques”.

Firlej and Hellens [1991] also suggest that while the knowledge engineer taking notes or
relying on memory have been used in the past, these techniques are not to be recommended

as reliable recording processes!
5.3.2 Contrived techniques
The so called ‘contrived’ techniques are usually used to determine more specific

information once a knowledge engineer has become relatively familiar with the ‘experts’

domain. These include sorts, repertory grids and laddering techniques.
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5.3.2.1 Sorts

Concept sorting is based on the theory that people make extensive use of categories
schemes to order their knowledge and are able to describe their own categorisation
schemes with reasonable accuracy. Concept sorting involves an expert being given cards
(or some other object) depicting or representing a number of different concepts (typically
derived from an interviewing process). The expert will then be asked to sort the cards into
groups. In this way, relationships between different concepts can be revealed. There are a
number of variations on this technique. These include ‘Q sorts’, ‘hierarchical sorts’ and ‘all
in one sorts’. Rugg and McGeorge [1997] outline these sorting techniques in more detail

and Canter et al [1985] outline a multiple sorting procedure.

However, both sets of researchers also outline a number of disadvantages of these sorting
techniques. One of these is the way in which the knowledge engineers choice of elements
for use in a sorting procedure has a decisive effect on the procedure’s success in divulging
an expert’s categorisation scheme. Rugg and McGeorge [1997] also state that "...sorts only
address static, flat, explicit knowledge. They cannot conveniently access knowledge about
sequencing procedures, trade offs ..". This places limitations on the use of sorts to elicit the

process-type knowledge inherent in performing some task such as design.

5.3.2.2 Laddering

This technique is typically used for eliciting hierarchical type structures inherent in
experts’ thinking. A typical application of this technique would be in determining a
hierarchy of concepts. By taking one concept the knowledge engineer perceives as
belonging to a particular group, the expert can then be quizzed as to whether subsequent

concepts are sub-concepts, super-concepts or unrelated to the initial concept.

5.3.2.3 Repertory grids

This technique involves asking an expert to ‘rank’ particular objects on a scale where the
end points of each scale will be defined. A simple example might feature a concept such as

‘expense’, the scale being defined as running from ‘cheap’ to ‘expensive’. An expert could
108



then be asked to place an object (say a manufacturing process) somewhere on this scale.
This technique is generally believed to derive from ‘personal construct theory’ - Kelly
[1955]. Statistical analysis is one of the most common methods of analysing data obtained
from knowledge elicitation sessions using contrived techniques. However a number of
researchers have suggested that the major attraction of this (and other) contrived
techniques lies not in their effectiveness in revealing an ‘experts’ domain knowledge but in
the ease with which results can be mathematically analysed. This is supported by Canter et
al [1985] who suggest that "the attraction of repertory grid techniques have been governed
more by the simplicity by which results from this technique can be analysed more than any

ability of the technique to elicit an experts thinking".

5.3.3 Computer aided techniques

Computer aided techniques can be broadly split into two categories. CASE tools can be
used to support both the standard and contrived elicitation techniques that have been
outlined, while automated knowledge elicitation systems can be used to effectively take the
knowledge engineer out of the elicitation loop and allow an expert to directly input

‘knowledge’ into a system.

A number of tools exist to support existing knowledge elicitation techniques. These range
from augmented text editors for analysing protocols from interviews etc. to more ambitious
integrated systems. ALTO is a tool to support laddering (see Major and Reichgelt [1990]),
Shelley (Anjewierden et al [1990]) supports the analysis and development stages of a
knowledge-based system and assumes elicitation is performed using protocol analysis.
Shelley does not actively support other elicitation techniques. Gaines and Linster [1990]
and Linster [1993] attempt to tie together a number of different tools to aid in the
elicitation and design phases so that as knowledge changes, so does the design of the
system. The CommonKADS workbench (see Kingston et al [1995]) provides CASE tools
to support the elicitation process and provides direct support for the CommonKADS

methodology.

However, as well as using CASE tools to aid or support the aforementioned elicitation

techniques, a number of researchers have attempted to automate the elicitation process
109



itself. This is clearly a more ambitious step than attempting to support existing manual

techniques.

Hart [1985] outlines machine-based rule induction as an automated elicitation technique.
OPAL (Musen et al [1987]) uses a domain model to automate knowledge elicitation from
an expert. Jackson [1990] outlines programs that work by machine learning. These are

guided by the learning strategies employed by the systems.

However, a major disadvantage of these tools is that they generally assume some structure
on knowledge within a domain before an ‘expert’ can interact with the system. This
generally limits the use of such tools to augmenting the knowledge already contained in a
fairly complete expertise model. Also, the considerable time and effort involved in
developing such automated elicitation system precludes their use in anything but very large

studies or research applications.

A perceived weakness in the bottom-up approach to model development is in the time and
resources required to derive models from a purely data-driven approach - "It should be
stressed that data-driven modelling is costly in terms of resource (knowledge engineers,
experts etc) and time" - Wells [1994]. In addition, the lack of a common ontology makes
communication between the knowledge engineer and expert difficult. However, this

bottom-up type approach is not the only way in which models may be developed.

5.4 Top-down approaches to expertise model development

Wells [1994] suggests that "fask modelling is likely to be carried out top-down i.e. by task
decomposition. However, it may be necessary in a complicated domain, to identify tasks
being carried out in transcripts”..."data-driven modelling should be used when the
application is unresearched. If the library can provide sufficient support for a select-
modify approach, for instance a generic task is available as a starting point, this should be

used in preference to data-driven modelling".

The main advantage of the top-down approach is that an ontology for the domain can be

constructed as the top-down models are being developed. The technique of first defining an
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ontology for a domain before attempting any form of knowledge elicitation has been

utilised by other researchers, in particular, by Gruber and Russell [1991].

The original KADS methodology advocated that expertise task model development should
be carried out in a top—down manner (see Tansley and Hayball [1993]). However these
top-down approaches have been expanded on by CommonKADS and Akkermans et al
[1994] identify three different top-down methods via which CommonKADS expertise

models may be developed.

5.4.1 Select and modify approach

The task and inference structures are assumed to be predefined as far as possible and are
selected from a library of existing CommonKADS models. One of the key goals of
CommonKADS is to provide libraries of different expertise models and problem-solving
methods to aid knowledge engineers developing systems in different domains. Knowledge
elicitation with the expert is then mainly concerned with instantiation of the domain layer
and subtle refinements to the task and inference layers. Musen [1993] suggests that
choosing the best conceptual model for a task at a suitable level of abstraction can greatly
simplify the knowledge acquisition task. This is essentially a top-down method of model

development.

However, Orsvarn et al [1994] comment on the select modify approach: "there are hardly
any examples of KADS 1 expertise models that have been developed on the basis of an
interpretation model without modifying it". An important reason is that there can be a great

deal of variation between tasks of the same kind.

5.4.2 Compositional modelling from library elements

An expertise model is constructed in an incremental manner from existing generic
components (typically provided by the CommonKADS library). This is done at a lower
grain size than the select and modify approach and is more flexible in that a complete task

and inference layer is not assumed. However this can make the modelling task more
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difficult. This technique combines elements of both the top-down and bottom-up

approaches.

5.4.3 Refinement approaches

Model construction is driven by the introduction of subsequent refinements. Generally this
involves starting with a very high level function structure for the expertise model and
slowly refining various parts to reveal the ‘true’ model (E.g. tasks initially assumed to be
primitives can be successively decomposed into their constituent subtasks etc.) Library
components can be used although the resulting expertise model may not be structurally
similar. This approach is often used for new and novel model development. This technique

can also be classified as essentially a top-down type approach.

The differences between the refinement approach and the select-modify approach are not
completely clear cut. However the select and modify approach implies that a model similar
to the intended model already exists in the CommonKADS library, while the refinement
approach implies that a general high level functional model is developed by the knowledge

engineer and then successively refined down to the level of individual inferences.

The scope for combining different approaches can clearly be seen in that using a
refinement approach, a modelling element from the CommonKADS library could be
introduced during the refinement process along the lines of the compositional modelling
approach. This is supported by Wells [1994] who shows how a number of different

approaches are combined during the development of a particular expertise model.

Further details of the strengths and weaknesses and the stages and activities involved in
model development using these different approaches can be found in Wells [1994],
Orstvarn et al [1994].

5.5 A summary on techniques and approaches to knowledge modelling

In this chapter I have discussed a number of techniques used to aid the knowledge

elicitation and modelling processes. This analysis has indicated that a number of different
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techniques (including the contrived and standard techniques, protocol analysis etc) and
approaches (top-down and bottom-up) are available to the knowledge engineer. In
particular, a number of these techniques and approaches have been used to analyse design
activity. CommonKADS also provides a number of guidelines as to how the knowledge
elicitation and modelling process should proceed. I will now go on to analyse the
implications of these findings and discuss how these influenced my choice of method for

modelling and analysing concurrent design behaviour.

While a number of different techniques and approaches have been used with varying
degrees of success in different domains, there seems to be no definitive guidelines as to
which techniques and approaches would be most effective in analysing the problem-
solving domain of concurrent design. This is summarised very succinctly by Rugg and
McGeorge [1997]: ‘Although it is clearly essential to choose the correct technique for a

task, and to use it correctly, there is surprisingly little guidance on this in the literature’.

The technique of protocol analysis has been used to analyse the design process. However,
while this technique has been relatively successful in this area, a number of flaws can limit
its effectiveness. In particular, researchers have questioned whether experts are able to
verbalise their cognitive abilities and also the effect that attempting to verbalise their

thoughts actually has on their ability to perform the given task.

A number of techniques for recording experts performing some task, typically involving
discussions and interviews, have also been outlined. The resulting transcripts can give
insight into the expert behaviour involved. A number of researchers have used coding
schemes to attempt to analyse such transcripts. However, the choice of coding chosen by
the knowledge engineer can have a fundamental affect on this process. A more qualitative

analysis of transcripts can be seen as an effective means of transcript analysis.

A number of studies discussed have also made use of student ‘experts’ or actual experts in
an artificial or laboratory setting. Different researchers have outlined how student
designers do not necessarily solve problems in the same way as experts. In addition, the
problems inherent in experts performing a task in an unusual setting or context have also

been discussed.
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Bucciarelli [1988] sees design as a social process and concludes that different participants
can have quite different internal representations of a design and suggests that knowledge-
based systems to support design must accommodate these differences in perspective.
Because of the lack of a common ontology to allow communication between the
knowledge engineer and design experts and the constraints this imposes on the elicitation
process, I decided that a purely data-driven or bottom-up approach would not be an
appropriate course to take. Some general model of problem-solving in the domain of
concurrent design would be required in order to drive data-driven knowledge elicitation in

the domain.

However, a criticism that has been levelled at a number of prescriptive models for design
(see Lawson [1990]) is that they have been developed more by thinking about how design
occurs rather than observing actual designers in the field. As a result, they do not
accurately reflect the expertise of practicing designers. The dangers of relying on
introspection as the sole means of knowledge elicitation are also outlined by Goguen and
Linde [1993]. The implication is that any models developed using such methods need to be

extensively validated using empirical data.

These issues helped to form my opinions of how knowledge elicitation in the domain of
concurrent design would most effectively allow the development of credible models of
expert problem-solving behaviour. My analysis of the domain suggested that elements
from each of the different techniques and approaches could be useful for the development

of knowledge models.
5.6 Characteristics required of an elicitation and modelling technique

At this stage it was necessary to determine what characteristics and features I considered
important when attempting to elicit and model the concurrent design process. This was
based on my previous discussions of techniques that have already been used to analyse the
design process, other available techniques and their relative strengths and weaknesses. A
key intention of the research was to analyse and model design tasks at a more detailed level

than the existing CommonKADS models, with a view to then abstracting developed
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models to be more generic. As a result, desirable features of the elicitation and modelling

method were:

e To study design in a realistic a setting as possible with ‘real-life’ designers working on
real projects. A considerable amount of published research on analysing design activity
involves either case studies involving student designers (Valkenberg and Dorst [1998])
or laboratory based experiments involving either single designers or teams of designers
(Cross et al [1996], Kruger and Wielinga [1993]). However, while these studies have
made significant contributions to my current understanding of design, because of the
nature of concurrent design I wished to study the process in as realistic a scenario as
possible. Ideally I wished to analyse designers and teams of designers in their everyday

work setting on real design problems and solutions.

e Make use of teams or groups of people with sufficiently polarised aims and objectives

in order to achieve a realistic ‘concurrent’ scenario.
e Achieve a reasonable level of articulacy in the domain of concurrent design before
coming into contact with concurrent designers and design teams in order to ensure we

were ‘talking the same language’.

e Use consistent and formalised knowledge representation techniques when deriving

models of problem-solving behaviour in the domain.

e Make as much use as possible of the more ‘qualitative’ knowledge elicitation methods

(such as interviews, discussions and narratives) when analysing designers.

Based on these observations, the scope for developing a novel elicitation and modelling

technique began to emerge.
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5.7 A novel method for knowledge elicitation and modelling

Compositional modelling implies that a general model for the domain exists which must be
instantiated, e.g. from the CommonKADS library of elements. The CommonKADS library
already contain a number of models for design (Bernaras and Van de Welde [1994])
however none of these directly address concurrency in design. Because a key aim of the
research is to analyse these concurrency issues, I decided that these were not suitable

starting models to analyse concurrent design behaviour.

Due to this lack of any general models for concurrent design problem-solving, my chosen
approach was to derive an initial top-down model for concurrent design. This was done
using the available literature as the driving force for initial model development. In the role
of knowledge engineer 1 researched established design texts and current papers on
concurrent design to generate initial models of problem-solving in the domain. These were
represented as expertise task models, using the CommonKADS modelling formalisms. As
a result, the initial model used the abstract terminology of respected design texts to
represent key tasks and knowledge roles comprising the overall concurrent design process.
The different models were effectively refinements or formalisms of models already
existing in the literature, albeit not in the representation formalism specified by
CommonKADS.

As a result of this approach the initial model development was accomplished more quickly
than would have been possible through a purely data-driven approach using a technique
such as protocol analysis. Hence I would consider this an essentially top-down approach to
initial model development. However, it must be noted that even using this approach, model
development was an extensive, time consuming process and it took several months of

research and iteration to develop initial top-down models.

These initial models, developed from analysis of the literature, were then discussed and
analysed with academics (who are experts in the domain of concurrent design). This
refined the developed models and also prompted further research of the literature. This
further iterative process involved considerable effort on the part of the knowledge

engineer, over a period of several months, resulting in the generation of initial models for
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concurrent design. This process is discussed in more detail in Chapter 6 and is also

described in Barker et al [1996a], Barker and Meehan [1999].

However, as I have previously discussed, a number of researchers have criticised model
development which is driven by ‘thinking about’ problem-solving in a domain. Hence I

wished to validate and refine these initial models with more empirically based research.
5.8 Validation and verification of my initial models

By developing initial models for concurrent design in a top-down manner, these models
could then be validated and verified by assessing if they accurately reflect how concurrent
design really occurs in an industrial setting. "Validation concerns the compliance of a
system with the user needs and requirements"”. In sofiware engineering, verification is
usually defined as "the demonstration of consistency, completeness and correctness of a

system in each stage of it’s development"” (Wielinga et al [1994b]).

Compared to traditional software implementations, knowledge-based systems (and by
implication the underlying knowledge-level models) provide special problems during the
validation and verification stages. Traditional software systems are generally based on
definite algorithms, which dictate system performance and correctness. However output
from a KBS is generally governed by heuristic methods which may only be correct under
certain circumstances and assumptions. This mirrors the human world where two experts
may give conflicting ‘solutions’ to a problem. This does not imply that one expert is
‘wrong’, more that in the field of knowledge-based systems, there is usually no definitive

‘right;’ solution to a problem. This’makes formal validation of KBS extremely difficult.

Traditionally, validation of KBS has been performed by comparing a number of test case
results from the completed KBS, with solutions obtained from ‘experts’. Clearly, this is a
late stage to be checking the performance, as a number of potentially unchanging
implementation decisions will have been taken by this stage. I am more concerned with the

verification of the developing expertise task models at each stage.
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Wielinga et al [1994b] give a number of approaches to validation and verification, however
these are at a very formal, abstract level. L.e. they do not give any concrete practical,
guidelines that knowledge engineers should follow during the validation and verification of

knowledge-based systems.

Clearly, it would be unrealistic to develop design tools based on the developed models to
test the validity of the models. Rather, what is needed is some means of analysing the
processes and methods designers working in industry currently use when designing in a
concurrent manner. By developing initial top-down models for concurrent design, these
represented a suitable starting point to guide the knowledge engineer in this analysis. In
particular, they provided the knowledge engineer with a common ontology for discussing

processes and entities in the domain of concurrent design with design personnel.

CommonKADS suggests that a possible model validation technique to use is to develop
graphical models for an expert’s expertise and then use these models as a basis for further
knowledge elicitation with an expert as to the validity of the models — “the models are
then a common ground for expert and knowledge engineer to communicate about some
problem-solving activity” — Van de Welde [1994]. Rademakers and Vanwelkenhuysen
[1993] suggest that "the expert should play a central and active role in the model

construction process".

In this way, the developed models can be validated and refined by more focussed
knowledge elicitation sessions with the expert. However, I have not found any significant

references to the use of this technique, particularly in relation to analysing design activity.

The use of such graphical languages for knowledge representation has been noted by other
researchers. For example, Oxman [1995] suggests that the use of such Visual languages
should be encouraged “... a body of tools for the observation and recording of design
behaviours should be identified and further developed. This work would include, for

example, the development of visual languages...”.
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5.9 Techniques to use in the refinement of the initial models

In general, the contrived techniques discussed earlier are used for focused knowledge
elicitation when the knowledge engineer already has a fairly clear understanding of the
domain being analysed and for clarifying certain ambiguous areas of an expert’s problem-
solving processes. Contrived techniques can also be used to instantiate domain models and
refine task and inference structures. This implies that a knowledge engineer already has a
fairly complete knowledge model for an expert’s problem-solving before the different
contrived techniques are used to further refine these models. Hence these techniques would
be most useful at the later stages of a knowledge elicitation exercise to refine an already

developed model.

I decided that a number of the different standard techniques, particularly open-ended
interviews, discussions and conversations would be particularly appropriate techniques to
use. In addition, tape and video-recording offered a practical way to record such
interactions. I saw transcript analysis as an effective way to refine the initial top-down

models and drive more bottom-up models of problem-solving.

The need for more studies of designers actually working in an industrial setting is
supported by Akin [1995] "It is important that more effort is focused on practice outside of
the laboratory context". In fact, Stauuffer and Ullman [1988] outline how “While there is a
significant body of research in the study of design, relatively little research has been based
on empirical evidence, especially in mechanical design.”. Hence 1 decided to try and study
designers working in a work-like setting, if possible, rather than having designers’ work on

set problems in a laboratory type setting.

By attempting to use different knowledge elicitation techniques in this context and my
initially developed models as a starting point, the effectiveness and applicability of each

technique could also be assessed.

The CommonKADS workbench (see Toussaint et al [1994], Kingston et al [1995])
provides support for expertise modelling within the CommonK ADS methodology and also

provides limited support for a variety of different standard elicitation techniques. Because
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CommonKADS is a widely accepted and respected modelling methodology, I decided that
this tool would be used to support both the knowledge elicitation and modelling processes

where possible.

I believe this to be a novel approach to the development of knowledge-level models in the
domain of design. However I believe the unique characteristics of concurrent design
necessitate the use of this approach. The approach utilises a number of different standard
elicitation techniques, which have been used to analyse problem-solving in a variety of

different domains, including design.

5.10 From dialogue to model

My dialogues with expert in concurrent design used my initial top-down models of
concurrent design behaviour to stimulate discussions and analysis of experts as to their
problem-solving behaviour. These discussions and analysis resulted in the generation of
transcripts from recording concurrent designers and design teams in action. These
transcripts were then used to develop further graphical models of expertise, which illustrate
the inferences and knowledge roles (in a CommonKADS sense) utlilised by the design
personnel. The iterative process implied by my novel approach resulted in the initial
models more closely resembling the design experts' models with each iterative cycle. This
transition is graphically illustrated in figure 5.1. This shows the necessary feedback loops
from the generated graphical models to the experts, which is achieved in practice by the

design personnel ‘critiquing’ the graphical models developed.
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