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Foreword BIRD

If international design research is to develop, it is essential that fundamental positions and
important results are readily accessible to the research community. Productive research
debate and innovative research programmes thrive on locating, shaping and demarcating
themselves in relation to existing viewpoints. BIRD supports the publication of books and
articles that are internationally significant in this context, encouraging an exchange of views
between researchers, and vigorous analysis of important perspectives.

Nigel Cross has helped to lay the foundations for design research in recent decades
and has developed an influential position for this fundamental debate. In a series of major
research contributions to understanding the “designerly ways of knowing” collected in this
book, Nigel Cross proposes discussing the particular qualities of design practice as research
practice on three levels:

» Designresearch must first of all address the epistemology of design:
how precisely can designers know?

« Secondly, design research must address design practice: what part
do designers play in the design process?

« Thirdly, design research must address the artefacts in the design
process: what does the design process bring into being?

There are design opportunities and open questions for design research on all three planes.

In addressing the epistemology of design, Nigel Cross’s work suggests examining
current research into knowledge and science. His work raises further questions for design
research: how does research create and develop knowledge? How do research methods
shape forms of knowledge within research? How can this knowledge, which is often implicit
and emerges in the form of embodied experiences, be made accessible to the research
debate?

Interest in design practice and processes corresponds with the current “practice turn”
focus in the social sciences. From this perspective, design research needs close links with
design as social practice. Essentially it is about describing and understanding design as a
creative designerly action (design research), embedded in different contexts and processes,
situations and communities, expectation structures and media contexts.

This shifts attention to the complex associations between creative processes and
created artefacts, starting with research questions like: what are the dynamics at work
between design processes, design strategies, artefacts and use forms? What is the
significance of differentartefactsin the design processitself, from sketches and moodboards
via prototypes and models to objects and instructions for use? Which research methods open
up access to these questions?

Nigel Cross has done important preliminary work for these research debates with
his contributions to design research over the past 25 years, which are collected together in
this book.
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Preface

This book traces the development of a personal research programme over a period
of manyyears. The starting point for the programme was a realisation that research
in design seemed to have no clear goal of what it was trying to achieve. A key insight
for me was to realise that if we wanted to develop a robust, independent discipline
of design (rather than let design be subsumed within paradigms of science or the
arts), then we had to be much more articulate about the particular nature of design
activity, design behaviour and design cognition. We had to build a network of argu-
ments and evidence for ‘designerly ways of knowing’.

The research programme has included some empirical, laboratory-based
work, but has also included theoretical reflection, and attempts to review and syn-
thesise the work of other researchers. I have reported this work at various times
and in various places - in lectures, conference presentations and journal papers.
In this book I have brought together a selected series of these reports, trying to
trace a coherent thread, and to lay out some of the network of arguments and evi-
dence referred to above. My goal has been to understand how designers think, or
the nature of design expertise, trying to establish its particular strengths and weak-
nesses, and giving credit where it might be due for design cognition as an essen-
tial aspect of human intelligence. The versions of the reports and papers now pub-
lished here have been revised in order to aid coherence and avoid overlap.

Chapter 1, ‘Designerly Ways of Knowing’, was first published as a contribution
to a series on ‘Design as a Discipline’ in the journal Design Studies, which aimed to
establish the theoretical bases for treating design as a coherent discipline of study.
The first contribution in the series had been from Bruce Archer, in the very first
issue of Design Studies in 1979, in which he outlined arguments for a ‘third area’ of
education - design. At that time, the subject of ‘design’ was being introduced into
secondary schools in the UK for the first time, meaning that it was becoming part
of general, not specialist education. Also at that time, my colleagues and I at the
new Open University had been facing similar issues concerned with how to develop
a form of design education that was relevant for ‘everyone’, and was not necessar-
ily aimed at preparing students for a professional role in design practice. In my
contribution to the debate I attempted to develop further an understanding of this
‘third area’ by contrasting it with the other two - sciences and humanities - and
to go on to consider the criteria which design must satisfy to be acceptable as a
part of general education. I argued that such an acceptance must imply a reorienta-
tion from the instrumental aims of conventional, professionally orientated design
education, towards intrinsic values of design as a valid subject of study for every-
one. These intrinsic values, I suggested, must derive from the deep, underlying pat-
terns of how designers think and act, or the ‘designerly ways of knowing’. Because
of their common concern with these fundamental ‘ways of knowing’, I suggested
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that both design research and design education were thereby contributing to the
development of design as a discipline. I also suggested that this emerging view
that ‘there are designerly ways of knowing’ could form the axiomatic ‘touch-stone
theory’ for research within design as a discipline.

The second chapter, ‘The Nature and Nurture of Design Ability’, is based on
my inaugural lecture as Professor of Design Studies in the Open University, which I
delivered in 1989. The first part of my lecture concentrated on the nature of design
ability, for which I drew upon a variety of studies and investigations into design
activity and designer behaviour. From a review of these studies, I summarised
design ability as comprising abilities of resolving ill-defined problems, adopting
solution-focused cognitive strategies, employing abductive or appositional think-
ing and using non-verbal modelling media. These abilities are highly developed in
skilled designers, but I suggested that they are also possessed to some degree by
everyone. I then outlined a case for design ability as a fundamental form of human
intelligence, thus seeking to provide a much broader foundation for establish-
ing ‘designerly ways of knowing’. In the second part of my lecture I argued that
understanding the nature of design ability is necessary in order to enable design
educators to nurture its development in their students. I discussed the nurture of
this ability through design education, with particular reference to the problem of
providing design education through the distance-learning media of the Open Uni-
versity. In the chapter here, I have revised the second part of the lecture so as to
make it less focused on the special concerns of the Open University, and hopefully
more relevant to all design educators, although still emphasising that ‘open-ness’
is a key principle for modern design education.

Chapter 3, ‘Natural and Artificial Intelligence in Design’, arose from the chal-
lenge of being asked to give the keynote lecture to the international conference on
Artificial Intelligence in Design, in 1998. Rather than discussing ‘artificial intelli-
gence’, I chose to concentrate on the ‘natural intelligence’ of design. The lecture
addressed what we know about the ‘natural intelligence’ of design ability, and
the nature of design activity. My starting point was the observation that the ability
to design is widespread amongst all people, but some people appear to be better
designers than others. I used quotations and comments from some acknowledged
expert designers to reinforce general findings about the nature of design activ-
ity that have come from design research. I also referred to and analysed the role
of sketching in design in order to exemplify some of the complexity of designing.
Finally, I made some comments about the value and relevance of research into arti-
ficial intelligence (AI) in design. I suggested that one aim of research in Alin design
should be to help inform understanding of the natural intelligence of design abil-
ity, to help us better to understand such natural intelligence, or human cognition.

Akey aspect of human cognition in the context of design is creative thinking.
The next two chapters report some studies of creative cognition in design.

In Chapter 4, ‘The Creative Leap’, I report an attempt to analyse how creative
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thinking happens in design, through one case study which was captured in a proto-
col study experiment. The ‘creative leap’, in which a novel concept emerges — per-
haps quite suddenly - as a potential design solution, is widely regarded as a char-
acteristic feature of creative design. The investigation reported here is based on
an example of a ‘creative leap’ which occurred during a recorded laboratory study
of the activity of a small design team. The characteristics and context of this ‘crea-
tive leap’ are reconstructed from the recorded material, and I use the commonly
accepted procedures underlying generic descriptive models of creative design to
try to provide further insight into the example. I also make some observations of
potential implications for computer modelling of creative design. I conclude that
the perceptual act underlying creative insight in design is not so much a ‘leap’, but
more akin to ‘bridging’ between problem space and solution space. This fits with
the appositional nature of design thinking, in that the bridging concept embodies
satisfactory relationships between problem and solution.

Chapter 5, ‘Creative Strategies’, continues the line of investigation into
creative cognition in design. Three studies of innovative design in engineering
and product design are reported. As well as the small team design project reported
in Chapter 4, my colleagues and I had been able to capture in the same series of
experiments the think-aloud protocols of an outstanding engineering designer,
Victor Scheinman. I have also been fortunate enough to be able to conduct some
in-depth interviews with a couple of other truly outstanding designers - the prod-
uct designer Kenneth Grange and the Formula One racing car designer Gordon
Murray. In this chapter I present an example of each of these outstanding design-
ers’ approaches to a particular design problem that they faced. I have tried to draw
comparisons between the three examples, and there do appear to be some striking
similarities in their adoption of a strategic design approach, despite the very dif-
ferent project examples. I develop a general descriptive model from the examples,
showing how strategic knowledge in creative design is exercised at three levels:
low-level articulated knowledge of first principles, an intermediate-level of tacit
personal and situated knowledge applied within the particular problem and
its context, and high-level implicit and explicit knowledge of problem goals and
criteria. All three outstanding designers seem to exercise this strategic knowledge
in similar ways in creating novel design proposals.

The studies of Victor Scheinman and the three-person design team in the pre-
vious two chapters drew upon the experimental method of protocol analysis, which
has become the most widely used technique for investigating design cognition.
Chapter 6, ‘Understanding Design Cognition’, reviews a number of protocol and
other such empirical studies of design activity, and summarises results relevant to
understanding the nature of design cognition from an interdisciplinary, domain-
independent overview. The results are presented grouped into three major aspects
of design cognition - the formulation of problems, the generation of solutions,
and the utilisation of design process strategies. I draw parallels and comparisons
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between results, and I find many similarities of design cognition across domains of
professional practice. Perhaps the most interesting conclusion is that it seems that
the ‘intuitive’ behaviour of experienced designers is often highly appropriate to the
special nature of design tasks, although appearing to be ‘unprincipled’ in theory.

The final chapter returns to the starting theme of ‘Design as a Discipline’. It
begins by unravelling some of the history of concern with relationships between
design and science. In the original conference paper I was seeking to develop a
view of design as a discipline based upon a science of design, but not a ‘design sci-
ence’. As in Chapter 1, I argue that the underlying axiom of this discipline is that
there are forms of knowledge peculiar to the awareness and ability of a designer. In
the latter part of the chapter I outline the ways in which this discipline of design,
and the understanding of designerly ways of knowing, can be pursued through
design research. I identify three sources of design knowledge as research loci: peo-
ple, processes and products. These are the foundation stones for understanding
designerly ways of knowing.

In selecting this particular set of speeches, papers and reports, I have tried to
construct some of the argument, and to assemble some of the evidence that sup-
ports the concept of ‘designerly ways of knowing’. I believe that this concept can
now be justified, and that — thanks to the work of several other design researchers
besides myself - we now have a much clearer view of what constitutes the particular
nature of design cognition.

The span of time covered by the papers that formed the original versions of the
seven chapters here is some twenty years. One might have hoped that much more
would have been achieved over such a long period. But the discipline of design is
still quite young, and it still has a relatively small research base. I hope that this
book might serve to record the coming of age of the discipline, to cement the dis-
cipline’s foundations, and to suggest ways forward for a new and rapidly growing
generation of design researchers.

Nigel Cross
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1. DESIGNERLY WAYS OF KNOWING *

A principal outcome of a research project at the Royal College of Art on ‘Design in
General Education’ was the statement of a belief in a missing ‘third area’ of educa-
tion. The two already established areas can be broadly classified as education in the
sciences and education in the arts, or humanities. These ‘two cultures’ have long
been recognised as dominating our social, cultural and educational systems. In the
traditional English educational system, especially, children have been required to
choose one or other of these two cultures to specialise in at a relatively early age.

The ‘third culture’ is not so easily recognised, simply because it has been
neglected, and has not been adequately named or articulated. In their report
(Royal College of Art, 1979), Bruce Archer and his colleagues were prepared to call
it ‘Design with a capital D’ and to articulate it as ‘the collected experience of the
material culture, and the collected body of experience, skill and understanding
embodied in the arts of planning, inventing, making and doing’.

From the RCA report, the following conclusions can be drawn on the nature
of ‘Design with a capital D:

« The central concern of Design is ‘the conception and reali-
sation of new things’.

« Itencompasses the appreciation of ‘material culture’ and the
application of ‘the arts of planning, inventing, making and
doing’.

+ At its core is the ‘language’ of ‘modelling’; it is possible to
develop students’ aptitudes in this ‘language’, equivalent to
aptitudes in the ‘language’ of the sciences (numeracy) and
the ‘language’ of humanities (literacy).

+ Design has its own distinct ‘things to know, ways of knowing
them, and ways of finding out about them’.

Even a ‘three cultures’ view of human knowledge and ability is a simple model.
However, contrasting design with the sciences and the humanities is a useful, if
crude, way of beginning to be more articulate about it. Education in any of these
‘cultures’ entails the following three aspects:

+ the transmission of knowledge about a phenomenon of study
+ atraining in the appropriate methods of enquiry
+ aninitiation into the belief systems and values of the culture

*First published in Design Studies Vol 3, No 4, October 1982,
pp. 221-227.
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If we contrast the sciences, the humanities, and design under each aspect, we may
become clearer of what we mean by design, and what is particular to it.

The phenomenon of study in each culture is
« in the sciences: the natural world
« in the humanities: human experience
« in design: the artificial world

The appropriate methods in each culture are
« in the sciences: controlled experiment, classification, analysis
« in the humanities: analogy, metaphor, evaluation
« in design: modelling, pattern-formation, synthesis

The values of each culture are
- in the sciences: objectivity, rationality, neutrality, and a
concern for ‘truth’
«in the humanities: subjectivity, imagination, commit-
ment, and a concern for ‘justice’
- in design: practicality, ingenuity, empathy, and a concern
for ‘appropriateness’

In most cases, it is easier to contrast the sciences and the humanities (e.g. objectiv-
ity versus subjectivity, experiment versus analogy) than it is to identify the relevant
comparable concepts in design. This is perhaps an indication of the paucity of our
language and concepts in the ‘third culture’, rather than any acknowledgement
that it does not really exist in its own right. But we are certainly faced with the prob-
lem of being more articulate about what it means to be ‘designerly’ rather than to
be ‘scientific’ or ‘artistic’.

Perhaps it would be better to regard the ‘third culture’ as technology, rather
than design. This ‘material culture’ of design is, after all, the culture of the technol-
ogist - of the designer, doer and maker. Technology involves a synthesis of knowl-
edge and skills from both the sciences and the humanities, in the pursuit of prac-
tical tasks; it is not simply ‘applied science’, but ‘the application of scientific and
other organised knowledge to practical tasks...” (Cross, et al., 1981).

The ‘third culture’ has traditionally been identified with technology. For
example, the philosopher A N Whitehead (1932) suggested that: ‘There are three
main roads along which we can proceed with good hope of advancing towards the
best balance of intellect and character: these are the way of literary culture, the way
of scientific culture, the way of technical culture. No one of these methods can be
exclusively followed without grave loss of intellectual activity and of character.’
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Design in General Education

I think it is no accident that a fundamental reconceptualising of design emerged
from a project, such as the Royal College of Art’s, related to the development of
design in general education. Our established concepts of design have always been
related to specialist education: design education has been preparation of students
for a professional, technical role. But now we are exploring the ways and the impli-
cations of design being a part of everyone’s education, in the same ways that the
sciences and the humanities are parts of everyone’s education.

Traditionally, design teachers have been practicing designers who pass on
their knowledge, skills and values through a process of apprenticeship. Design stu-
dents ‘act out’ the role of designer in small projects, and are tutored in the proc-
ess by more experienced designers. These design teachers tend to be firstly design-
ers, and only secondly and incidentally teachers. This model may be defensible for
specialist education, but in general education all teachers are (or should be) firstly
teachers, and only secondly, if at all, specialists in any field.

To understand this distinction we must understand the differences between
specialist education and general education. The main distinction lies in the differ-
ence between the instrumental, or extrinsic, aims that specialist education usually
has, and the intrinsic aims that general education must have. It is perfectly accepta-
ble for architectural education, say, to have the instrumental aim of providing com-
petent designers of buildings, but this cannot be an aim of general education. Anita
Cross (1980) has pointed out that, ‘Since general education is in principle non-tech-
nical and non-vocational, design can only achieve parity with other disciplines in
general education if it is organised as an area of study which contributes as much
to the individual’s self-realisation as to preparation for social roles.’

Whatever government ministers or industrialists may think, the aim of gen-
eral education is not the preparation of people for social roles. In a sense there is
no ‘aim’ to general education. The educationist Peters (1965) claims that:

It is as absurd to ask what the aim of education is as it is to ask
what the aim of morality is... The only answer that can be given
is to point to something intrinsic to education that is regarded
as valuable such as the training of intellect or character. For to
call something ‘educational’ is to intimate that the processes
and activities themselves contribute to or involve something
that is worthwhile... People think that education must be for the
sake of something extrinsic that is worthwhile, whereas the truth
is that being worthwhile is part of what is meant by calling it
‘education’.
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Educational Criteria

According to Peters, the concept of education is one which only suggests criteria by
which various activities and processes can be judged to see if they can be classified
as ‘educational’. Thus, giving a lecture may be educational, but it might not be if it
does not satisfy the criteria; a student design project may be educational, but also
might not be.

Peters suggests three principal criteria for education, the first of which is
that worthwhile knowledge of some value must be transmitted. This first criterion
seems straightforward, but actually raises problems of defining what is ‘worth-
while’. The example offered by Peters is simplistic: ‘We may be educating someone
while we are training him: but we need not be. For we may be training him in the
art of torture.’ Deciding what is worthwhile is obviously value-laden and problem-
atic. We might all agree that ‘the art of torture’ hardly counts as worthwhile, but
what about, say, ‘the art of pugilistics’? However, ‘the arts of planning, inventing,
making and doing’ (to draw on Archer’s definition of design again) are presumably
clearly recognised as ‘worthwhile’.

Peters’ second criterion derives from his concern with the processes by which
students are educated. He stresses that the manner in which people are educated is
just as important as the matter which is transmitted:

Although ‘education’ picks out no specific processes it does imply
criteria which processes involved must satisfy in addition to the
demand that something valuable must be passed on. It implies,
first of all, that the individual who is educated shall come to care
about the valuable things involved, that he shall want to achieve
the relevant standards. We would not call a man ‘educated’ who
knew about science but cared nothing for truth or who regarded
it merely as a means to getting hot water and hot dogs.

Furthermore it implies that he is initiated into the content of
the activity or forms of knowledge in a meaningful way, so that
he knows what he is doing. A man might be conditioned to avoid
dogs or induced to do something by hypnotic suggestion. But we
could not describe this as ‘education’ if he did not know what he
was learning while he learned it.

This second criterion of ‘education’ therefore stresses the need for the student to
be both self-aware and aware of what and why he is learning. It is a process nei-
ther of imposing patterns on the student’s mind, nor of assuming that free growth
towards a desirable end will somehow occur without guidance. Education must be
designed deliberately to enhance and to develop students’ intrinsic cognitive pro-
cesses and abilities.
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Peters’ third criterion derives from the consideration that: ‘We often say of a man
that he is highly trained, but not educated. What lies behind this condemnation? ...
Itis ... that he has a very limited conception of what he is doing. He does not see its
connection with anything else, its place in a coherent pattern of life. It is, for him,
an activity which is cognitively adrift.’

Peters concludes from this consideration that ‘education’ is related to ‘cog-
nitive perspective’, which ‘explains why it is that some activities rather than oth-
ers seem so obviously to be of educational importance. There is very little to know
about riding bicycles, swimming, or golf. It is largely a matter of “knowing how”
rather than of “knowing that” (Ryle, 1949) - of knack rather than understanding.
Furthermore what there is to know throws very little light on much else.’

This is therefore a challenging criterion for design education, since design is
often regarded as a skill, perhaps something like bicycle-riding, swimming, or play-
ing golf. Indeed, elsewhere we have used Ryle’s distinction between ‘knowing how’
and ‘knowing that’ to emphasise the role of ‘know how’ in design (Cross, et al.,
1981). However, I would now accept Peters’ suggestion that:

An ‘educated man’ is distinguished not as much by what he does
as by what he ‘sees’ or ‘grasps’. If he does something very well,
in which he has to be trained, he must see this in perspective,
as related to other things. It is difficult to conceive of a training
that would result in an ‘educated’ man in which a modicum of
instruction has no place. For being educated involves ‘knowing
that’ as well as ‘knowing how’.

So to satisfy this third criterion of ‘education’, simple training in a skill is not
enough. One is ‘trained’ as a designer, or doctor, or philosopher, but that alone
does not make one ‘educated’.

I have considered Peters’ three criteria for ‘education’ at some length because
itis important for the proponents of design in general education to be able to meet
such criteria. It entails a fundamental change of perspective from that of a voca-
tional training for a design profession, which is the only kind of ‘design education’
we have had previously. Design in general education is not primarily a preparation
for a career, nor is it primarily a training in useful productive skills for ‘doing and
making’ in industry. It must be defined in terms of the intrinsic values of education.

The interpretation of ‘education’ that Peters has developed, then, stresses
its intrinsic merits. To be educated is of value in and of itself, not because of any
extrinsic motivating factors or advantages it might be considered to offer, such as
getting a job. In order to justify design as a part of general education, therefore, it is
necessary to ensure that what is learned in design classes, and the way it is learned,
can meet these criteria. We have to be able to identify that which is intrinsically val-
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uable in the field of design, such that it is justifiably a part of everyone’s education
and contributes to the development of an ‘educated’ person.

Ways of Knowing in Design

The claim from the Royal College of Art study of ‘Design in General Education’
was that ‘there are things to know, ways of knowing them, and ways of finding out
about them’ that are specific to the design area. The authors imply that there are
designerly ways of knowing, distinct from the more usually-recognised scientific
and scholarly ways of knowing. However, the Royal College of Art authors do little
to explicate these designerly ways of knowing. They do point out that ‘it would not
doto accept design as a sort of ragbag of all the things that science and the humani-
ties happen to leave out,” but they are less than precise about what design should
include. Design must have its own inner coherence, in the ways that science and
the humanities do, if it is to be established in comparable intellectual and educa-
tional terms. But the world of design has been badly served by its intellectual lead-
ers, who have failed to develop their subject in its own terms. Too often, they have
been seduced by the lure of Wissenschaft, and turned away from the lore of Technik;
they have defected to the cultures of scientific and scholarly enquiry, instead of
developing the culture of designerly enquiry.

Sowhat can be said about these ill-defined ‘ways of knowing’ in design? There
has, in fact, been a small and slowly-growing field of enquiry in design research
from which it is possible to begin to draw some conclusions.

Design Processes

For example, a number of observational studies has been made of how designers
work. These studies tend to support the view that there is a distinct ‘designerly’
form of activity that separates it from typical scientific and scholarly activities.

Lawson’s (1979) studies of design behaviour, in particular, have compared
the problem-solving strategies of designers with those of scientists. He devised
problems which required the arrangement of 3D coloured blocks so as to satisfy
certain rules (some of which were not initially disclosed), and set the same prob-
lems to both postgraduate architectural students and postgraduate science stu-
dents. The two groups showed dissimilar problem-solving strategies, according to
Lawson. The scientists generally adopted a strategy of systematically exploring the
possible combinations of blocks, in order to discover the fundamental rule which
would allow a permissible combination. The architects were more inclined to pro-
pose a series of solutions, and to have these solutions eliminated, until they found
an acceptable one. Lawson (1980) has commented:
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The essential difference between these two strategies is that while
the scientists focused their attention on discovering the rule, the
architects were obsessed with achieving the desired result. The
scientists adopted a generally problem-focused strategy and the
architects a solution-focused strategy. Although it would be quite
possible using the architect’s approach to achieve the best solu-
tion without actually discovering the complete range of accepta-
ble solutions, in fact most architects discovered something about
the rule governing the allowed combination of blocks. In other
words, they learn about the nature of the problem largely as a
result of trying out solutions, whereas the scientists set out spe-
cifically to study the problem.

These experiments suggest that scientists problem-solve by analysis, whereas
designers problem-solve by synthesis. Lawson repeated his experiments with
younger students and found that first-year students and sixth-form school students
could not be distinguished as ‘architects’ and ‘non-architects’ by their problem-
solving strategies; there were no consistent differences. This suggests that archi-
tects learn to adopt their solution-focused strategy during, and presumably as a
result of, their education. Presumably, they learn, are taught, or discover, that this
is the more effective way of tackling the problems they are set.

A central feature of design activity, then, is its reliance on generating fairly
quickly a satisfactory solution, rather than on any prolonged analysis of the prob-
lem. In Simon’s (1969) inelegant term, it is a process of ‘satisficing’ rather than
optimising; producing any one of what might well be a large range of satisfactory
solutions rather than attempting to generate the one hypotheticallyoptimum solu-
tion. This strategy has been observed in other studies of design behaviour, includ-
ing engineers (Marples, 1960), urban designers (Levin, 1966) and architects (East-
man, 1970).

Why it should be such a recognisably ‘designerly’ way of proceeding is prob-
ably not just an embodiment of any intrinsic inadequacies of designers and their
education, but is more likely to be a reflection of the nature of the design task and
of the nature of the kinds of problems designers tackle. The designer is constrained
to produce a practicable result within a specific time limit, whereas the scientist
and scholar are both able, and often required, to suspend their judgements and
decisions until more is known - ‘further research is needed’ is always a justifiable
conclusion for them.

Itis also now widely recognised that design problems are ill-defined, ill-struc-
tured, or ‘wicked’ (Rittel and Webber, 1973). They are not the same as the ‘puzzles’
that scientists, mathematicians and other scholars set themselves. They are not
problems for which all the necessary information is, or ever can be, available to
the problem-solver. They are therefore not susceptible to exhaustive analysis, and
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there can never be a guarantee that ‘correct’ solutions can be found for them. In
this context, a solution-focused strategy is clearly preferable to a problem-focused
one: it will always be possible to go on analysing ‘the problem’, but the designer’s
task is to produce ‘the solution’. It is only in terms of a conjectured solution that
the problem can be contained within manageable bounds (Hillier and Leaman,
1974). What designers tend to do, therefore, is to seek, or impose a ‘primary gen-
erator’ (Darke, 1979) which both defines the limits of the problem and suggests the
nature of its possible solution.

In order to cope with ill-defined problems, designers have to learn to have the
self-confidence to define, redefine and change the problem-as-given in the light
of the solution that emerges from their minds and hands. People who seek the
certainty of externally structured, well-defined problems will never appreciate the
delight of being a designer. Jones (1970) has commented that ‘changing the prob-
lem in order to find a solution is the most challenging and difficult part of design-
ing.” He also points out that ‘designing should not be confused with art, with sci-
ence, or with mathematics.’

Such warnings about failing to recognise the particular nature of designing
are now common in design theory. Many people have especially warned against
confusing design with science.

The scientific method is a pattern of problem-solving behaviour
employed in finding out the nature of what exists, whereas the
design method is a pattern of behaviour employed in inventing
things of value which do not yet exist. Science is analytic; design
is constructive. Gregory, 1966

The natural sciences are concerned with how things are... Design,
on the other hand, is concerned with how things ought to be.
Simon, 1969

To base design theory on inappropriate paradigms of logic and
science is to make a bad mistake. Logic has interests in abstract
forms. Science investigates extant forms. Design initiates novel
forms. March, 1976

The emphasis in these admonitions is on the constructive, normative, creative
nature of designing. Designing is a process of pattern synthesis, rather than pat-
tern recognition. The solution is not simply lying there among the data, like the
dog among the spots in the well known perceptual puzzle; it has to be actively con-
structed by the designer’s own efforts.

Reflecting on his observations of urban designers, Levin (1966) commented
that:
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The designer knows (consciously or unconsciously) that some
ingredient must be added to the information that he already has
in order that he may arrive at an unique solution. This knowl-
edge is in itself not enough in design problems, of course. He has
to look for the extra ingredient, and he uses his powers of con-
Jjecture and original thought to do so. What then is this extra
ingredient? In many if not most cases it is an ‘ordering principle’.
The preoccupation with geometrical patterns that is revealed in
many town plans and many writings on the subject demonstrates
this very clearly.

And of course it is not only in town planning, but in all fields of design, that one
finds this preoccupation with geometrical patterns; a pattern (or some other order-
ing principle) seemingly fas to be imposed in order to make a solution possible.

This pattern-constructing feature has been recognised as lying at the core of
design activity by Alexander (1964, 1979), in his ‘constructive diagrams’ and ‘pat-
tern language’. The designer learns to think in this sketch-like form, in which the
abstract patterns of user requirements are turned into the concrete patterns of an
actual object. Hillier and Leaman (1976) suggested that it is like learning an artifi-
cial ‘language’, a kind of code which transforms ‘thoughts’ into ‘words’:

Those who have been trained as designers will be using just such
a code ... which enables the designer to effect a translation from
individual, organisational and social needs to physical artefacts.
This code which has been learned is supposed to express and
contain actual connections which exist between human needs
and their artificial environment. In effect, the designer learns
to ‘speak’ a language — to make a useful transaction between
domains which are unlike each other (sounds and meanings in
language, artefacts and needs in design) by means of a code or
system of codes which structure that connection.

Designerly ways of knowing are embodied in these ‘codes’. The details of the codes
will vary from one design profession to another, but perhaps there is a ‘deep struc-
ture’ to design codes. We shall not know this until more effort has been made in
externalising the codes.

What designers know about their own problem-solving processes remains
largely tacit knowledge - i.e. they know it in the same way that a skilled person
‘knows’ how to perform that skill. They find it difficult to externalise their knowl-
edge, and hence design education is forced to rely so heavily on an apprenticeship
system of learning. It may be satisfactory, or at least understandable, for practicing
designers to be inarticulate about their skills, but teachers of design have a respon-
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sibility to be as articulate as they possibly can about what it is they are trying to
teach, or else they can have no basis for choosing the content and methods of their
teaching.

Design Products

So far, I have concentrated on designerly ways of knowing that are embodied in the
processes of designing. But there is an equally important area of knowledge embod-
ied in the products of designing.

There is a great wealth of knowledge carried in the objects of our material cul-
ture. If you want to know how an object should be designed - e.g. what shapes and
sizes it should have, what material it should be made from - go and look at existing
examples of that kind of object, and simply copy (i.e. learn!) from the past.

This, of course, was the ‘design process’ that was so successful in generating
the material culture of craft society: the craftsperson simply copied the design of
an object from its previous examples. Both Alexander (1964) and Jones (1970) have
emphasised how the ‘unselfconscious’ processes of craft design led to extremely
subtle, beautiful and appropriate objects. A very simple process can actually gener-
ate very complex products.

Objects are a form of knowledge about how to satisfy certain requirements,
about how to perform certain tasks. And they are a form of knowledge that is avail-
able to everyone; one does not have to understand mechanics, nor metallurgy, nor
the molecular structure of timber, to know that an axe offers (or ‘explains’) a very
effective way of splitting wood. Of course, explicit knowledge about objects and
about how they function zas become available, and has sometimes led to signifi-
cant improvements in the design of the objects. But in general, ‘invention comes
before theory’ (Pye, 1978); the world of ‘doing and making’ is usually ahead of the
world of understanding - technology leads to science, not vice versa as is often
believed.

A significant branch of designerly ways of knowing, then, is the knowledge
that resides in objects. Designers are immersed in this material culture, and draw
upon it as the primary source of their thinking. Designers have the ability both to
‘read’ and ‘write’ in this culture: they understand what messages objects commu-
nicate, and they can create new objects which embody new messages. The impor-
tance of this two-way communication between people and ‘the world of goods’ has
been recognised by Douglas and Isherwood (1979). In a passage that has strong
connections to the arguments for a ‘third area’ of human knowledge in design, as
distinct from the sciences and the humanities, they say:

For too long a narrow idea of human reasoning has prevailed
which only accepts simple induction and deduction as worthy
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of the name of thinking. But there is a prior and pervasive kind
of reasoning that scans a scene and sizes it up, packing into one
instant’s survey a process of matching, classifying and compar-
ing. This is not to invoke a mysterious faculty of intuition or men-
tal association. Metaphoric appreciation, as all the words we
have used suggest, is a work of approximate measurement, scal-
ing and comparison between like and unlike elements in a pattern.

‘Metaphoric appreciation’ is an apt name for what it is that designers are particu-
larly skilled in, in ‘reading’ the world of goods, in translating back from concrete
objects to abstract requirements, through their design codes. ‘Forget that commod-
ities are good for eating, clothing, and shelter,” Douglas and Isherwood say; ‘forget
their usefulness and try instead the idea that commodities are good for thinking;
treat them as a nonverbal medium for the human relative faculty.’

Intrinsic Value of Design Education

The arguments for, and defence of, design in general education must rest on iden-
tifying the intrinsic values of design that make it justifiably a part of everyone’s edu-
cation. Above, I have tried to set out the field of ‘designerly ways of knowing’, as it
relates to both the processes and the products of designing, in the hope that it will
lead into an understanding of what these intrinsic values might be.

Essentially, we can say that designerly ways of knowing rest on the manipula-
tion of non-verbal codes in the material culture; these codes translate ‘messages’
either way between concrete objects and abstract requirements; they facilitate
the constructive, solution-focused thinking of the designer, in the same way that
other (e.g. verbal and numerical) codes facilitate analytic, problem-focused think-
ing; they are probably the most effective means of tackling the characteristically ill-
defined problems of planning, designing and inventing new things.

From even a sketchy analysis, such as this, of designerly ways of knowing,
we can indeed begin to identify features that can be justified in education as hav-
ing intrinsic value. Firstly, we can say that design develops students’ abilities in
tackling a particular kind of problem. This kind of problem is characterised as ill-
defined, or ill-structured, and is quite distinct from the kinds of well-structured
problems that lie in the educational domains of the sciences and the humanities.
We might even claim that our design problems are more ‘real’ than theirs, in that
they are like the problems or issues or decisions that people are more usually faced
with in everyday life.

There is therefore a strong educational justification for design as an introduc-
tion to, and assisting in the development of, cognitive skills and abilities in real-
world problem solving (Fox, 1981). We must be careful not to interpret this justifi-

DESIGNERLY WAYS OF KNOWING 027



cation in instrumental terms, as a training in problem-solving skills, but in terms
that satisfy the more rigorous criteria for education. As far as problem-solving is
concerned, design in general education must be justified in terms of helping to
develop an ‘educated’ person, able to understand the nature of ill-defined prob-
lems, how to tackle them, and how they differ from other kinds of problems. This
kind of justification has been developed by McPeck (1981) in terms of the educa-
tional value of ‘critical thinking’. A related justification is given by Harrison (1978),
particularly in the context of practical design work, in terms of the radical connec-
tions between ‘making and thinking’.

This leads us into a second area of justification for design in general educa-
tion, based on the kind of thinking that is peculiar to design. This characteristically
‘constructive’ thinking is distinct from the more commonly acknowledged induc-
tive and deductive kinds of reasoning. (March (1976) has related it to what the phi-
losopher C S Peirce called ‘abductive’ reasoning.)

In educational terms, the development of constructive thinking must be seen
as a neglected aspect of cognitive development in the individual. This neglect can
be traced to the dominance of the cultures of the sciences and the humanities, and
the dominance of the ‘stage’ theories of cognitive development. These theories,
especially Piaget’s, tend to suggest that the concrete, constructive, synthetic kinds
of reasoning occur relatively early in child development, and that they are passed
through to reach the higher states of abstract, analytical reasoning (i.e. the kinds of
reasoning that predominate in the sciences, especially). There are other theories
(for example, Bruner’s) that suggest that cognitive development is a continuous
process of interaction between different modes of cognition, all of which can be
developed to high levels. That is, the qualitatively different types of cognition (e.g.
‘concrete’ and ‘formal’ types in Piaget’s terms, ‘iconic’ and ‘symbolic’ in Bruner’s
terms) are not simply characteristic of different ‘stages’ of development, but are
different kinds of innate human cognitive abilities, all of which can be developed
from lower to higher levels.

The concrete/iconic modes of cognition are particularly relevant in design,
whereas the formal/symbolic modes are more relevant in the sciences. If the ‘con-
tinuous’ rather than the ‘stage’ theories of cognitive development are adopted, it
is clear that there is a strong justification for design education in that it provides
opportunities particularly for the development of the concrete/iconic modes.

From this, we can move on to a third area of justification for design in general
education, based on the recognition that there are large areas of human cognitive
ability that have been systematically ignored in our educational system. Because
most theorists of cognitive development are themselves thoroughly immersed in
the scientific-academic cultures where numeracy and literacy prevail, they have
overlooked the third culture of design. This culture relies not so much on verbal,
numerical and literary modes of thinking and communicating, but on nonverbal
modes. This is particularly evident in the designer’s use of models and ‘codes’ that
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rely so heavily on graphic images - i.e. drawings, diagrams and sketches that are
aids to internal thinking as well as aids to communicating ideas and instruc-
tions to others.

As well as these graphic models, there is also in design a significant use of
mental imageryin ‘the mind’s eye’ (Ferguson, 1977). The field of nonverbal thought
and communication as it relates to design includes a wide range of elements, from
‘graphicacy’ to ‘object languages’, ‘action languages’ and ‘cognitive mapping’.
Most of these cognitive modes are strongest in the right hemisphere of the brain,
rather than the left (Ornstein, 1975). So on this view the ‘neglected area’ of design
in education is not merely one-third of human experience and ability, but nearer to
one-half!

French (1979) has recognised nonverbal thinking as perhaps the principal
justification for design in general education: ‘It is in strengthening and uniting
the entire non-verbal education of the child, and in its improvement of the range
of acuity of his thinking, that the prime justification of the teaching of design in
schools should be sought, not in preparing for a career or leisure, nor in training
knowledgeable consumers, valuable as these aspects may be.’

The Discipline of Design

In this chapter I have taken up the argument put forward in the Royal College of Art
report on ‘Design in General Education’ that there are ‘designerly ways of knowing’
that are at the core of the design area of education. First, I have stressed that we
must seek to interpret this core of knowledge in terms of its intrinsic educational
value, and not in the instrumental terms that are associated with traditional, voca-
tional design education. Second, I have drawn upon the field of design research for
what it has to say about the way designers work and think, and the kinds of prob-
lems they tackle. And third, I have tried to develop from this the justification that
can be made for design as a part of general education in terms of intrinsic educa-
tional values.
Iidentified five aspects of designerly ways of knowing:

+ Designers tackle ‘ill-defined’ problems.

+ Their mode of problem-solving is ‘solution-focused’.

+ Their mode of thinking is ‘constructive’.

« They use ‘codes’ that translate abstract requirements into
concrete objects.

+ They use these codes to both ‘read’ and ‘write’ in ‘object lan-

guages’.
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From these ways of knowing I drew three main areas of justification for design in
general education:

« Design develops innate abilities in solving real-world, ill-
defined problems.

+ Design sustains cognitive developmentin the concrete/iconic
modes of cognition.

+ Design offers opportunities for development of a wide range
of abilities in nonverbal thought and communication.

For me, something else also begins to emerge from these lines of argument. It
seems to me that the design research movement and the design education move-
ment are beginning to converge on what is, after all, their common concern - the
discipline of design. The research path to design as a discipline has concentrated
on understanding those general features of design activity that are common to all
the design professions: it has been concerned with ‘design in general’ and it now
allows us to generalise at least a little about the designerly ways of knowing. The
education path to design as a discipline has also been concerned with ‘design in
general’, and it has led us to consider what it is that can be generalised as of intrin-
sic value in learning to design. Both the research and the education paths, then,
have been concerned with developing the general subject of design.

However, there is still a long way to go before we can begin to have much
sense of having achieved a real understanding of design as a discipline - we have
only begun to make rough maps of the territory. Following on from his comments
on nonverbal education as the prime justification for design in general education,
French (1979) also points out that there are certain implications arising from this:

Ifdesignteachingisto havethisroleitmust meetcertainrequire-
ments. It must ‘stretch the mind’, and ideally this involves a
progression from step to step, some discipline of thought to be
acquired in more or less specifiable components, reflected in a
growing achievement of the pupil that both he and his teacher
can recognise with some confidence. At present, there does
not seem to be enough understanding, enough scholarly work
on design, enough material of a suitable nature to make such
teaching possible. I believe we should strive to remedy this state

of affairs.

The education path to design as a discipline forces us to consider the nature of this
general subject of design, what it is that we are seeking to develop in the individ-
ual student, and how this development can be structured for learning. Like our col-
leagues in the sciences and the humanities we can at this point legitimately con-
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clude that further research is needed! We need more research and enquiry: first
into the designerly ways of knowing; second into the scope, limits and nature of
innate cognitive abilities relevant to design; and third into the ways of enhancing
and developing these abilities through education.

We need a ‘research programme’, in the sense in which Lakatos (1970) has
described the research programmes of science. At its core is a ‘touch-stone theory’
oridea-in our case the view that ‘there are designerly ways of knowing’. Around this
core is built a ‘defensive’ network of related theories, ideas and knowledge - and I
have tried to sketch in some of these in this chapter. In this way both design research
and design education can develop a common approach to design as a discipline.
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2. THE NATURE AND NURTURE OF DESIGN ABILITY "

This chapter is in two parts. The first is concerned with the nature of design ability
- the particular ways of thinking and behaving that designers, and all of us, adopt
in tackling certain kinds of problems in certain kinds of ways. The second part is
concerned with the nurture of design ability - that is, with the development of that
ability through design education. My view is that through better understanding the
nature of design ability, design educators may be better able to nurture it. I there-
fore see these two — nature and nurture - as complementary interests, and I do not
intend to venture into those corners of psychology where fights go on over nature
versus nurture in the context of general intelligence. However, I shall try to make a
claim that design ability is, in fact, one of the several forms or fundamental aspects
of human intelligence. It should, therefore, be an important element in everyone’s
education.

Nature
What Do Designers Do?

Everything we have around us - our environments, clothes, furniture, machines,
communication systems, even much of our food - has been designed. The qual-
ity of that design effort therefore profoundly affects our quality of life. The ability
of designers to produce efficient, effective, imaginative and stimulating designs is
therefore important to all of us. And so it is important, first of all, to understand
what it is that designers do when they exercise this ability.

Pragmatically, the most essential thing that any designer does is to provide,
for those who will make a new artefact, a description of what that artefact should be
like. Usually, little or nothing is left to the discretion of the makers - the designer
specifies the artefact’s dimensions, materials, finishes and colours. When a client
asks a designer for ‘a design’, that is what they want - the description. The focus of
all design activity is that end-point.

The designer’s aim, therefore, is the communication of a specific design pro-
posal. Usually, this is in the form of a drawing or drawings, giving both an overview
of the artefact and particular details. Even the most imaginative design proposals
must usually be communicated in rather prosaic working drawings, lists of parts,
and so on.

* First presented as inaugural lecture as Professor of Design Studies, The Open University,
1989, and first published in Design Studies Vol 11, No 3, July 1990, pp. 127-140.
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Sometimes, it is necessary to make full-scale mock-ups of design proposals in
order that they can be communicated sufficiently accurately. In the motor indus-
try, for example, full-scale models of new car bodies are made to communicate the
complex three-dimensional shapes. These shapes are then digitized and the data
communicated to computers for the production of drawings for making the body-
panel moulds. Increasingly, in many industries, computerisation of both design
and manufacture is substantially changing the mode of communication between
designer and manufacturer, sometimes with the complete elimination of conven-
tional detail drawings.

Before the final design proposal iscommunicated for manufacture, itwill have
gone through some form of testing, and alternative proposals may also have been
tested and rejected. A major part of the designer’s work is therefore concerned with
the evaluation of design proposals. Again, full-scale models may be made - product
manufacturing industries use them extensively for evaluating aesthetics, ergonom-
ics, and consumer choice, as well as for production purposes. Small-scale 3D mod-
els are also often used in many industries - from architecture to chemical process
plants.

However, drawings of various kinds are still the most extensively used mod-
elling medium for evaluating designs — both informally in the designer’s skilled
reading of drawings and imagining their implications, and more formally in meas-
uring dimensions, calculating stresses, and so on. In evaluating designs, a large
body of scientific and technical knowledge can be brought to bear. This modelling,
testing and modifying is the central, iterative activity of the design process.

Before a proposal can be tested, it has to be originated somehow. The gen-
eration of design proposals is therefore the fundamental activity of designers, and
that for which they become famous or infamous. Although design is usually associ-
ated with novelty and originality, most run-of-the-mill designing is actually based
on making variations on previous designs. Drawings again feature heavily in this
generative phase of the design process, although at the earliest stages they will be
just the designer’s ‘thinking with a pencil’ and perhaps comprehensible only to
him or her.

The kind of thinking that is going on is multi-facetted and multi-levelled. The
designer is thinking of the whole range of design criteria and requirements set by
the client’s brief, of technical and legal issues, and of self-imposed criteria such as
the aesthetic and formal attributes of the proposal. Often, the problem as set by the
client’s brief will be vague, and it is only by the designer suggesting possible solu-
tions that the client’s requirements and criteria become clear. The designer’s very
first conceptualizations and representations of problem and solution are therefore
critical to the procedures that will follow - the alternatives that may be considered,
the testing and evaluating, and the final design proposal.
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Studies of Designing

Although there is such a great deal of design activity going on in the world, the
nature of design ability is rather poorly understood. It has been taken to be a mys-
terious talent. However, for some years now, there has been a slowly growing body
of understanding about the ways designers work and think, based on a wide vari-
ety of studies of designing (Cross, 1984). Some of these studies rely on the reports
of designers themselves, such as those we have just seen, but there is also a broad
spectrum running through observations of designers at work, experimental stud-
ies based on protocol analysis, to theorising about the nature of design ability.

Such studies often confirm the personal comments about practice made by
designers themselves, but try also to add another layer of explanation of the nature
of designing. For example, one feature of design activity that is frequently con-
firmed by such studies is the importance of the use of several initial, conjectured
solutions by the designer. In his pioneering case studies of engineering design,
Marples (1960) suggested that:

The nature of the problem can only be found by examining it
through proposed solutions, and it seems likely that its examina-
tionthrough one, and only one, proposal gives a very biased view.
It seems probable that at least two radically different solutions
need to be attempted in order to get, through comparisons of sub-
problems, a clear picture of the ‘real nature’ of the problem.

This view emphasises the role of the conjectured solution as a way of gaining
understanding of the design problem, and the need, therefore, to generate a vari-
ety of solutions precisely as a means of problem-analysis. It has been confirmed by
Darke’s (1979) interviews with architects, where she observed how they imposed a
limited set of objectives or a specific solution concept as a ‘primary generator’ for
an initial solution:

The greatest variety reduction or narrowing down of the range of
solutions occurs early on in the design process, with a conjecture
or conceptualization of a possible solution. Further understand-
ing of the problem is gained by testing this conjectured solution.

The freedom - and necessity — of the designer to re-define the problem through the
means of solution-conjecture was also observed in protocol studies of architects by
Akin (1979), who commented:

One of the unique aspects of design behaviouris the constant gen-
eration of new task goals and redefinition of task constraints.
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It has been suggested that this feature of design behaviour arises from the nature
of design problems: they are not the sort of problems or puzzles that provide all
the necessary and sufficient information for their solution. Some of the relevant
information can only be found by generating and testing solutions; some informa-
tion, or ‘missing ingredient’, has to be provided by the designer himself, as noted
by Levin (1966) from his observations of urban designers. Levin suggested that this
extra ingredient is often an ‘ordering principle’ and hence we find the formal prop-
erties that are so often evident in designers’ work, from towns designed as simple
stars to teacups designed as regular cylinders.

However, designers do not always find it easy to generate a range of alterna-
tive solutions in order that they better understand the problem. Their ‘ordering
principles’ or ‘primary generators’ can, of course, be found to be inappropriate,
but designers often try to hang on to them, because of the difficulties of going back
and starting afresh. From his case studies of architectural design, Rowe (1987)
observed:

A dominant influence is exerted by initial design ideas on subse-
quent problem-solving directions... Even when severe problems
are encountered, a considerable effort is made to make the ini-
tial idea work, rather than to stand back and adopt a fresh point
of departure.

This tenacity is understandable but undesirable, given the necessity of using alter-
native solutions as a means of understanding the ‘real nature’ of the problem. How-
ever, Waldron and Waldron (1988), from their engineering design case study, came
to a more optimistic view about the ‘self-correcting’ nature of the design process:

The premises that were used in initial concept generation often
proved, on subsequent investigation, to be wholly or partly fal-
lacious. Nevertheless, they provided a necessary starting point.
The process can be viewed as inherently self-correcting, since
later work tends to clarify and correct earlier work.

It becomes clear from these studies of designing that architects, engineers, and
other designers adopt a problem-solving strategy based on generating and testing
potential solutions. In alaboratory experiment based on a specific problem-solving
task, Lawson (1979) compared the strategies of architects with those of scientists,
and found a noticeable difference, in that {The scientists] operated what might
be called a problem-focussing strategy... architects by contrast adopted a solution-
focussing strategy.’

In a supplementary experiment, Lawson found that these different strategies
developed during the architects’ and scientists’ education; whilst the difference
was clear between postgraduate students, it was not clear between first-year under-
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graduate students. The architects had therefore learned their solution-focussing
strategy, during their design education, as an appropriate response to the prob-
lems they were set. This is presumably because design problems are inherently ill-
defined, and trying to define or comprehensively to understand the problem (the
scientists’ approach) is quite likely to be fruitless in terms of generating an appro-
priate solution within a limited timescale.

The difference between a scientific approach and a design approach to prob-
lem solving has also been emphasised in theoretical studies, such as that of March
(1976), who pointed out that:

Logic has interests in abstract forms. Science investigates extant
forms. Design initiates novel forms. A scientific hypothesis is not
the same thing as a design hypothesis. A logical proposition is not
to be mistaken for a design proposal. A speculative design cannot
be determined logically, because the mode of reasoning involved
is essentially abductive.

This ‘abductive’ reasoning is a concept from the philosopher Peirce, who distin-
guished it from the other more well-known modes of inductive and deductive rea-
soning. Peirce (quoted by March) suggested that ‘Deduction proves that something
must be; induction shows that something actually is operative; abduction merely
suggests that something may be.’ It is therefore the logic of conjecture. March pre-
fers to use the term ‘productive’ reasoning. Others, such as Bogen (1969), have
used terms such as ‘appositional’ reasoning in contra distinction to propositional
reasoning.

Design ability is therefore founded on the resolution of ill-defined problems
by adopting a solution-focussing strategy and productive or appositional styles of
thinking. However, the design approach is not necessarily limited to ill-defined
problems. Thomas and Carroll (1979) conducted a number of experiments and pro-
tocol studies of designing and concluded that a fundamental aspect is the nature
of the approach taken to problems, rather than the nature of the problems them-
selves:

Design is a type of problem solving in which the problem solver
views the problem or acts as though there is some ill-definedness
in the goals, initial conditions or allowable transformations.

There is also, of course, the reliance in design upon the media of sketching, draw-
ing and modelling as aids to the generation of solutions and to the very processes
of thinking about the problem and its solution. The process involves what Schon
(1983) has called ‘a reflective conversation with the situation’. From his observa-
tions of the way design tutors work, Schén commented that, through sketches,
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[The designer] shapes the situation, in accordance with his ini-
tial appreciation of it; the situation ‘talks back’, and he responds
to the back talk.

Design ability therefore relies fundamentally on non-verbal media of thought and
communication. There may even be distinct limits to the amount of verbalising
that we can productively engage in about design ability. Daley (1982) has suggested
that:
The way designers work may be inexplicable, not for some
romantic or mystical reason, but simply because these processes
lie outside the bounds of verbal discourse: they are literally inde-
scribable in linguistic terms.

For design researchers this is a worrying conclusion. However, this brief review
of studies of designing does enable us at least to summarise the core features of
design ability as comprising abilities to:

+ resolve ill-defined problems

+ adopt solution-focussing strategies

« employ abductive/productive/appositional thinking
+ use non-verbal, graphic/spatial modelling media.

Design Ability is Possessed by Everyone

Although professional designers might naturally be expected to have highly devel-
oped design abilities, it is also clear that non-designers also possess at least some
aspects, or lower levels of design ability. Everyone makes decisions about arrange-
ments and combinations of clothes, furniture, etc. - although in industrial socie-
ties it is rare for this to extend beyond making selections from available goods that
have already been designed by someone else.

However, in other societies, especially non-industrial ones, there is often no
clear distinction between professional and amateur design abilities - the role of
the professional designer may not exist. In craft-based societies, for example, crafts-
people make objects that are not only highly practical but often also very beautiful.
They would therefore seem to possess high levels of design ability — although in
such cases, the ability is collective rather than individual: the beautiful-functional
objects have evolved by gradual development over a very long time, and the forms
of the objects are rigidly adhered to from one generation to the next.

Even in industrial societies, with a developed class of professional design-
ers, there are often examples of vernacular design persisting, usually following
implicit rules of how things should be done, similar to craftwork. Occasionally
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there are examples of ‘naive’ design breaking out in industrial societies, with many
of the positive attributes that ‘naive’ art has. A classic example is the ‘Watts Tow-
ers’ - an environmental fantasy created by Simon Rodia in his Los Angeles back-
yard between the nineteen-twenties and -fifties. In architecture and planning,
there have been moves to incorporate non-professionals into the design process
- through design participation or community architecture. Although the experi-
ments have not always been successful - in either process or product - there is at
least a recognition that the professionals could, and should, collaborate with the
non-professionals. Knowledge about design is certainly not exclusive to the profes-
sionals.

A strong indication of how widespread design ability is comes from the intro-
duction of design as a subject in schools. It is clear from the often very competent
design work of schoolchildren of all ages that design ability is inherent in everyone.

Design Ability Can Be Damaged or Lost

Although some aspects of design ability can be seen to be widespread in the gen-
eral population, it has also become clear that the cognitive functions upon which
design ability depends can be damaged or lost. This has been learned from exper-
iments and observations in the field of neuropsychology, particularly the work
which became known as ‘split-brain’ studies, described by Gazzaniga (1970).

These studies showed that the two hemispheres of the brain have prefer-
ences and specialisations for different types of perceptions and knowledge. Nor-
mally, the large bundle of nerves (the corpus callosum) which connects the two
hemispheres ensures rapid and comprehensive communication between them, so
that it is impossible to study the workings of either hemisphere in isolation from
its mate. However, in order to cure epilepsy, some people have had their corpus cal-
losum surgically severed, and became subjects for some remarkable experiments
to investigate the isolated functions of the two hemispheres (Sperry et al., 1969).

Studies of other people who had suffered damage to one or other hemisphere
had already revealed some knowledge of the different specialisations. In the main,
these studies had shown the fundamental importance of the left hemisphere - it
controlled speech functions and the verbal reasoning normally associated with
logical thought. The right hemisphere appeared to have no such important func-
tions. Indeed, the right became known as the ‘minor’ hemisphere, and the left as
the ‘major’ hemisphere. Nevertheless, there is an equal sharing of control of the
body; the left hemisphere controls the right side, and vice versa, for some perverse
reason known only to the Grand Designer in the Sky.

This left-right crossover means that sensory reception on the left side of the
body is communicated to the brain’s right hemisphere, and vice versa. This even
applies, in a more complex way, to visual reception; it is not simply that the left
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eye communicates with the right hemisphere, and vice versa, but that, for both
eyes, reception from the left visual field is communicated to the right hemisphere,
and vice versa. Ingenious experiments were therefore devised in which visual stim-
uli could be sent exclusively to either the left or right hemisphere of the split-brain
subjects.

These experiments showed that the separated hemispheres could receive,
and therefore ‘know’, separate items of information. The problem was how to get
the hemispheres to communicate what they knew back to the experimenter. The
left hemisphere, of course, can communicate verbally, but the right hemisphere
is mute. Some experimenters resolved this problem by visually communicating a
word or image to the right hemisphere, and asking it to identify a matching object
by touch with the left hand.

From experiments such as these, neuropsychologists such as Blakeslee (1980)
developed a much better understanding of the functions and abilities of the right
hemisphere. Although mute, it is by no means stupid, and it perceives and knows
things that the left hemisphere does not. In general, this is the kind of knowledge
that we categorise as intuitive. The right hemisphere excels in emotional and aes-
thetic perception, in the recognition of faces and objects, and in visuo-spatial and
constructional tasks. This scientific, rational evidence therefore supports our own
personal, intuitive understanding of ourselves, and also supports the (often poorly
articulated) view of artists and many designers that verbalisation (i.e. allowing the
left hemisphere to dominate) obstructs intuitive creation.

It is now known that damage to the right hemisphere can impair brain func-
tions that relate strongly to intuitive, artistic and design abilities. This has been
confirmed by studies of, for instance, drawing ability. One classic case is that of
an artist who suffered right-brain damage. Although he could make an adequate
sketch of an object such as a telephone when he had it in front of him, he could not
draw the same object from memory and resorted instead to ‘reasoning’ about what
such an object might be like - producing strange new ‘designs’. Studies of split-
brain subjects have also shown, in general, that they can draw better with their left
hand (even though they are not naturally left-handed people) than their right.

Recognition of this right-brain ability has been put to constructive use in art
education by Edwards (1979), who trains students to ‘draw on the right side of the
brain’. Anita Cross (1984) has drawn attention to the relevance of the ‘split-brain’
studies to improving our understanding of design ability.

There is, of course, a long history of studies in psychology of cognitive styles, which
are usually polarised into dichotomies such as:

+ convergent - divergent
» focussed - flexible
 linear - lateral
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+ serialist — holist
+ propositional - appositional

Such natural dichotomies may reflect the underlying dual structure of the human
brain anditsapparent dual modes of information processing. Cross and Nathenson
(1981) have drawn attention to the importance of understanding cognitive styles
for design education and design methodology.

Design as a Form of Intelligence

What I have attempted to show is that design ability is a multi-faceted cognitive
skill, possessed in some degree by everyone. I believe that there is enough evidence
to make a reasonable claim that there are particular, ‘designerly’ ways of know-
ing, thinking and acting. In fact, it seems possible to make a reasonable claim that
design ability is a form of natural intelligence, of the kind that the psychologist
Howard Gardner (1983) has identified. Gardner’s view is that there is not just one
form of intelligence, but several, relatively autonomous human intellectual com-
petences. He distinguishes six forms of intelligence:

« linguistic

+ logical-mathematical
+ spatial

+ musical

+ bodily-kinaesthetic
+ personal

Aspects of design ability seem to be spread through these six forms in a way that
does not always seem entirely satisfactory. For example, spatial abilities in prob-
lem-solving (including thinking ‘in the mind’s eye’) are classified by Gardner under
spatial intelligence, whereas many other aspects of practical problem-solving abil-
ity (including examples from engineering) are classified under bodily kinaesthetic
intelligence. In this classification, the inventor appears alongside the dancer and
the actor, which doesn’t seem appropriate. It seems reasonable, therefore, to try to
separate out design ability as a form of intelligence in its own right.

Gardner proposes a set of criteria against which claims for a distinct form of
intelligence can be judged. These criteria are as follows, with my attempts to match
‘design intelligence’ against them:

« Potential isolation by brain damage. Gardner seeks to base
forms of intelligence in discrete brain-centres, which means
that particular faculties can be destroyed (or spared) in iso-
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lation by brain damage. The evidence here for design intelli-
gence draws upon the work with ‘split-brain’ and brain-dam-
aged patients, which shows that abilities such as geometric
reasoning, 3-dimensional problem solving and visuo-spatial
thinking are indeed located in specific brain-centres.

The existence of idiots, savants, prodigies and other exceptional
individuals. Here, Gardner is looking for evidence of unique
abilities which sometimes stand out in individuals against
a background of retarded or immature general intellectual
development. In design, there are indeed examples of other-
wise ordinary individuals who demonstrate high levels of abil-
ity in forming their own environments - the ‘naive’ designers.

« An identifiable core operation or set of operations. By this,

Gardner means some basic mental information-process-
ing operation(s) which deal with specific kinds of input. In
design, this might be the operation of transforming the input
of the problem brief into the output of conjectured solutions,
or the ability to generate alternative solutions. Gardner sug-
gests that ‘Simulation on a computer is one promising way
of establishing that a core operation exists.” Work in artifi-
cial intelligence on the generation of designs by computer
is therefore helping to clarify the concept of a natural design
intelligence.

A distinctive developmental history, and a definable set of

expert, end-state performances. Thismeansrecognisable levels
of development or expertise in the individual. Clearly, there
are recognisable differences between novices and experts in
design, and stages of development amongst design students.
But a clarification of the developmental stages of design abil-
ity is something that we still await, and is sorely needed in
design education.

« An evolutionary history. Gardner argues that the forms of

intelligence must have arisen through evolutionary anteced-
ents, including capacities that are shared with other organ-
isms besides human beings. In design, we do have examples
of animals and insects that construct shelters and environ-
ments, and use devise tools. We also have the long tradition



ofvernacular and craft design as a precursor to modern, inno-
vative design ability.

 Susceptibility to encoding in a symbol system. This criterion
looks for a coherent, culturally-shared system of symbols
which capture and communicate information relevant to the
form of intelligence. Clearly, in design we have the use of
sketches, drawings and other models which constitute a coher-
ent, symbolic media system for thinking and communicating.

« Support from experimental psychological tasks. Finally, Gard-
ner looks for evidence of abilities that transfer across differ-
ent contexts, of specific forms of memory, attention or per-
ception. We only have a few psychological studies of design
behaviour or thinking, but aspects such as solution-focused
thinking have been identified. More work in this area needs
to be done.

If asked to judge the case for design intelligence on this set of criteria, we might
have to conclude that the case is ‘not proven’. Whilst there is good evidence to meet
most of the criteria, on some there is a lack of substantial or reliable evidence. How-
ever, I think that viewing designing as a ‘form of intelligence’ is productive; it helps
to identify and clarify features of the nature of design ability, and it offers a frame-
work for understanding and developing the nurture of design ability.

Nurture
Learning to Design

How do people learn to design, and on what principles should design education be
based? Clearly, some development of design ability does take place in students —
certainly at the level of tertiary, professional education, where we can compare the
work of the same student over the years of his or her course. The crude, simple work
of the first-year student develops into sophisticated, complexwork by the final year.
But the educational processes which nurture this development are poorly under-
stood —if at all - and rely heavily on the project method.

In pre-industrial society, there was really no such thing as design education.
People learned to make products in learning the skills of a trade, they were appren-
ticed to a master craftsperson, and they learned to copy. In many respects, the old
tradition of design education, derived from the Beaux Arts School, was based on
apprenticeship. Students worked closely with a master; they learned set responses
to set problems; products and processes were predictable.
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Modern, industrial design education owes much to the experimental work of the
Bauhaus - the German design school of the nineteen-twenties and -thirties — in
particular, the radical ‘basic course’ introduced by Johannes Itten. As Anita Cross
(1983) has suggested, many of the basic course’s educational principles may well
have been developed from, orinfluenced by the work of educational innovators such
as Froebel, Montessori and Dewey. The Bauhaus also integrated design education
with aesthetic cultures such as dance, theatre and music, as well as cultures of tech-
nology and industry. Itten himself incorporated physical exercises into his courses,
and required his students, for example, to swing their arms and bodies in circular
movements before attempting to draw freehand circles. He and other tutors also
encouraged tactile perception and the construction of collages from randomly-col-
lected junk and other materials. From what we now know of the development of the
thought-modes of the right hemisphere of the brain, these non-verbal, tactile, ana-
logical experiences were intuitively correct aspects of design education.

Most of the Bauhaus innovations are now severely watered-down in conven-
tional design education, usually retaining just a few vestiges of exercises in colour,
form and composition. With the possible exception of the Hochschule fiir Gestal-
tung (HfG) at Ulm in the nineteen-sixties, there have been no comparable innova-
tions in curriculum development in design education since the Nazis closed the
Bauhausin 1933.

In general education it is particularly important that teachers have a funda-
mental understanding of the abilities that they are seeking to develop in their stu-
dents. In tertiary, professional education, teachers can get by as long as their stu-
dents are reasonably competent enough to enter their profession at the end of their
course. In professional education the distinctions between education and training
are perhaps less clear-cut than they are in general education, where no particular
profession is the goal. Professional education has instrumental or extrinsic aims,
whereas general education has to pursue intrinsic aims that are somehow inher-
ently good for the individual.

I suggest that it is through understanding the nature of design ability that we
can begin to construct an understanding of the intrinsic values of design educa-
tion. For example, we can make a strong justification for design based on its devel-
opment of personal abilities in resolving ill-defined problems - which are quite dif-
ferent from the well-defined problems dealt with in other areas of the curriculum.
We can also justify the designer’s solution-focused strategies and appositional
thinking styles as promoting a certain type of cognitive development - in educa-
tional terms, the concrete/iconic modes that are often assumed to be the ‘earlier’ or
‘minor’ modes of cognition, and less important than the formal/symbolic modes.
Furthermore, there is a sound justification in the educational value of design in its
development of the whole area of non-verbal thought and communication.
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Design Education in the Open

To attempt design education ‘at a distance’ has been a great challenge for us at The
Open University. At first, we had real doubts about how to teach design through the
new distance-learning systems, including teaching-texts, TV and radio, and more
recently computers and information technologies. We were not alone: there were
certainly those who said that it could not be done, given the reliance on face-to- face
or over-the-drawing-board teaching in conventional design education. However,
as the design work of many of our OU students now shows, some development of
design ability does take place through our distance-learning courses, just as it does
in conventional courses. It also seems increasingly apparent that an open version of
design education can offer a new, universal model more appropriate to our emerg-
ing post-industrial society and technology.

Isuggest that there are four key aspects or foundations to develop for a univer-
sal, open version of design education: making design education accessible, ubiqui-
tous, continuous and explicit.

Making design education accessible means making it available to everyone. In
many countries, design is now a part of general education - it is taught in schools
to children. This means that design education is no longer just a preparation for a
profession, but is recognised as having intrinsic value in the development of every-
one’s intellect. It has become a part of our individual and collective intellectual
culture, just like literature, science or mathematics; it has become a part of basic
educational proficiency, just like reading, writing and numeracy.

Making design education ubiquitous means making it available everywhere.
As with many other aspects of society, culture and technology, a ubiquitous design
education is being facilitated by information technology, computers and the inter-
net. It is no longer necessary to be physically present in a design studio - neither in
professional practice nor in education. Virtual studios and virtual universities can
be open to everyone, around the world and round the clock.

And just as education no longer stops at a certain time of day, it no longer
stops at a certain age; accessibility and ubiquity also mean that education must be
continuous and available throughout one’s lifetime. Education is now recognised
as a life-long process, something that each of us can engage in at any age, whether
from personal choice or the necessity of keeping up to date, well informed and well
educated in the changing skills and knowledge of post-industrial technology.

For these reasons, if for no other, it becomes necessary to make design edu-
cation more explicit. Making design education explicit calls for a new kind of peda-
gogical approach from design teachers. The increased attention on design educa-
tion in recent years has exposed the lack of clearly articulated and well understood
principles of design education.

In developing a post-industrial view of design education it will be particu-
larly important that teachers have a fundamental understanding of the underly-
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ing, intrinsic abilities that they are seeking to develop in their students. We need
a secure foundation from which to question the relevance of conventional skills.
We have moved beyond the apprenticeship system of pre-industrial design, and we
must move beyond the pupilage system of industrial design education. We need to
base design education on tested theories from education, psychology and cogni-
tive science, and from design research, and we need a much stronger experimental
base for educational innovation.

The Development of Design Ability

Although it may be present to some degree in everyone, design ability seems
stronger in some people than others, and also seems to develop with experience.
Experienced designers are able to draw on their knowledge of previous exemplars
in their field of design, and they also seem to have learned the value of rapid prob-
lem-exploration through solution-conjecture. They use early solution attempts as
experiments to help identify relevant information about the problem. In compari-
son, novice designers often become bogged-down in attempts to understand the
problem before they start generating solutions.

Another difference between novices and experts is that novices will often pur-
sue a ‘depth-first’ approach to a problem - sequentially identifying and exploring
sub-solutions in depth, and amassing a number of partial sub-solutions that then
somehow have to be amalgamated and reconciled, in a ‘bottom-up’ process. They
can also become ‘fixated’ on a particular solution possibility. Experts usually pur-
sue predominantly ‘breadth-first’ and top-down strategies, and are more willing to
reject an early solution when it is discovered to be fundamentally flawed.

Conventional wisdom about the nature of expertise in problem-solving seems
often to be contradicted by the behaviour of expert designers. But designing has
many differences from conventional problem-solving, in which there is usually a
single, correct solution to the problem. In design education we must therefore be
very wary about importing models of behaviour from other fields. Empirical stud-
ies of design activity have frequently found ‘intuitive’ features of design ability to
be the most effective and relevant to the intrinsic nature of design. Some aspects
of design theory, however, have tried to develop counter-intuitive models and pre-
scriptions for design behaviour. We still need a much better understanding of what
constitutes expertise in design, and how we might assist novice students to gain
that expertise.

In contrast to the artistic, intuitive procedures encouraged by the Bauhaus,
design education has more recently concentrated on teaching more rational, sys-
tematic approaches. Some aspects of design ability have been codified into ‘design
methods’ (Cross, 1989). Without those methods, it would have been much harder
for us at The Open University to clarify and to try to teach some elements of design
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ability. Because skilled designers in practice often appear to proceed in a rather
ad-hoc and unsystematic way, some people claim that learning a systematic pro-
cess does not actually help student designers. However, a study by Radcliffe and
Lee (1989) did show that a systematic approach can be helpful to students. They
found that the use of more ‘efficient’ design processes (following closer to an
‘ideal’ sequence) correlated positively with both the quantity and the quality of the
students’ design results. Other studies have tended to confirm this.

Designing is a form of skilled behaviour. Developing any skill usually relies
on controlled practice and the development of technique. The performance of a
skilled practitioner appears to flow seamlessly, adapting the performance to the
circumstances without faltering. But learning is not the same as performing, and
underneath skilled performance lies mastery of technique and procedure. The
design student needs to develop a strategic approach to the overall process, based
on some simple but effective techniques or methods. What I hope we shall achieve
through continued studies of the nature and nurture of design ability is that design
education will become a reliably successful means for the development of design
ability in everyone.
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3. NATURAL AND ARTIFICIAL INTELLIGENCE
IN DESIGN *

A common joke is to say that ‘the opposite of artificial intelligence is natural stu-
pidity’. In the frustrations of our everyday life, most of us think that designers such
as architects, product designers and computer software designers do indeed dis-
play considerable evidence of natural stupidity in the results of their work. But in
this chapter I want to relate the subject of artificial intelligence (AI) in design, not
to the natural stupidity, but to the natural intelligence in design that is possessed
certainly by good designers, and in fact is possessed to some extent by all of us. My
starting point is that people are designers - and some people are very good designers.

Designing is something that all people do; something that distinguishes us
from other animals, and (so far) from machines. The ability to design is a part of
human intelligence, and that ability is natural and widespread amongst the human
population. We human beings have a long history of design ability, as evidenced in
the artefacts of previous civilisations and in the continuing traditions of vernacu-
lar design and traditional craftwork. The evidence from different cultures around
the World, and from designs created by children as well as by adults, suggests that
everyone is capable of designing.

But we also know that some people are better designers than others. Ever
since the emergence of designers as separate professions, it appears that some
people have a design ability that is more highly developed than other people -
either through some genetic endowment or through social and educational devel-
opment. In fact, some people are very good at designing.

But can a machine design? That of course is the question that concerns
researchers in the artificial intelligence of design. It is a question I shall return to,
but first let me try to present something about what has been learned about the
natural intelligence of design, and especially about some of those people who are
very good at designing.

Research in Design Thinking

For many years now there has been a rather embarrassingly slow but nonetheless
steady growth in our understanding of design ability. The pioneer research paper
in this field was the study of engineering designers by Marples (1960). A decade
later, we had Eastman’s (1970) also pioneering protocol studies of architects, and
itwas in the 1970s that we saw the first significant growth of the new field of design

* First presented as the keynote speech at Al in Design, Lisbon, Portugal, 1998, and first published
as ‘Natural Intelligence in Design’, Design Studies, Vol 20, No 1, January 1999, pp. 25-39.
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research. I collected some of the early examples of design research together in a
book on Developments in Design Methodology (Cross, 1984), and more recently co-
edited another review on Research in Design Thinking (Cross et al., 1992).

The kinds of methods for researching the nature of design thinking that have
been used have included:

. Interviews with designers

These have usually been with designers who are acknowledged as having well-
developed design ability, and the methods have usually been unstructured inter-
views which sought to obtain these designers’ reflections on the processes and pro-
cedures they use - either in general, or with reference to particular works of design.
Examples include Lawson (1994) and Cross and Clayburn Cross (1996).

. Observations and case studies

These have usually been focused on one particular design project at a time, with
observers recording the progress and development of the project either contempo-
raneously or post-hoc. Both participant and non-participant observation methods
have been included, and varieties of real, artificially-constructed and even re-con-
structed design projects have been studied. Examples include Candy and Edmonds
(1996), Galle (1996) and Valkenburg and Dorst (1998).

. Protocol studies

This more formal method has usually been applied to artificial projects, because
of the stringent requirements of recording the protocols - the ‘thinking-aloud’ and
associated actions of subjects asked to perform a set design task. Both inexperi-
enced (often student) designers and experienced designers have been studied in
this way. Examples include Lloyd and Scott (1994), Gero and McNeill (1998), and
the Delft Protocols Workshop (Cross, et al., 1996).

. Reflection and theorising

Aswell as the empirical research methods listed above, there has been a significant
history in design research of theoretical analysis and reflection upon the nature of
design ability. Leading examples are Simon (1969) and Schén (1983).

. Simulation trials

A relatively new development in research methodology has been the attempt of AI
researchers to simulate human thinking through artificial intelligence techniques.
Although AI techniques may be meant to supplant human thinking, research in AI
can also be a means of trying to understand human thinking. Many examples have
been included in the proceedings of the series of A in Design conferences, starting
in 1991.
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We therefore have a varied set of methods which have been used for research into
design thinking. The set ranges from the more abstract to the more concrete types
of investigation, and from the more close to the more distant study of actual design
practice. The studies have ranged through inexperienced or student designers, to
experienced and expert designers, and even on to forms of non-human, artificial
intelligence. All of these methods have helped researchers to develop insights into
what I am referring to as ‘designerly’ ways of thinking, or the natural intelligence
of design.

Personally, I am particularly interested in what the best, expert designers
have to say about design, because they may help us to develop insights into what
it means to think, not just like any of us, but like a good designer. Therefore I am
going to use some quotations from expert, outstanding designers, to illustrate the
kinds of things that they say when they are interviewed about design thinking. The
examples come from different design domains - architecture, engineering and
product design - and I am going to relate what they say to the insights about the
nature of good design thinking that the design researchers have begun to compile
in recent years.

What Expert Designers Say About Designing

A famous example of early Modern Architecture was the 1930 ‘Tugendhat House’
in Brno, Czechoslovakia, designed by Ludwig Mies van der Rohe. Apparently,
according to Mies, the client had approached the architect after seeing some of the
rather more conventional houses that he had designed before. Then, Mies said, in
an anecdote reported by Simon (1969), when he showed the surprising new design
to the client,

He wasn’t very happy at first. But then we smoked some good

cigars, ... and we drank some glasses of a good Rhein wine, ... and

then he began to like it very much.

The difficult lesson that we have to learn from this example, I believe, is that
design is rhetorical. By this, I mean that design is persuasive. You, like me, have
probably experienced this for yourself - for example, you go to a car sale, looking
for a sensible, modest car, and come away with something that is impractical but
beautiful! Perhaps the most famous example worldwide was the design of the Sony
Walkman - a product that none of us realised we wanted, until we saw it.

Design is rhetorical also in the sense that the designer, in constructing a
design proposal, constructs a particular kind of argument, in which a final conclu-
sion is developed and evaluated as it develops against both known goals and previ-
ously unsuspected implications. This rhetorical nature of design has been summa-
rised in a comment by the outstanding architect, Denys Lasdun (1965):
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Our job is to give the client ... not what he wants, but what he
never dreamed he wanted; and when he gets it, he recognizes it
as something he wanted all the time.

I think that we should try to see through the apparent arrogance in this statement,
to the underlying truth that clients do want designers to transcend the obvious and
the mundane, and to produce proposals which are exciting and stimulating as well
as merely practical. What this means is that design is not a search for the optimum
solution to the given problem, but that design is exploratory. The creative designer
interprets the design brief not as a specification for a solution, but as a kind of par-
tial map of unknown territory (as suggested by Jones, 1970), and the designer sets
off to explore, to discover something new, rather than to return with yet another
example of the already familiar.

The vagueness, or slipperiness of the relationship between problem and solu-
tion in designing is also conveyed in the comment of the furniture designer Geof-
frey Harcourt, discussing how one of his particular designs emerged:

As a matter of fact, the solution that I came up with wasn’t a
solution to the problem at all ... But when the chair was actually
put together, in away it solved the problem quite well, but from a
completely different point of view.

Quoted by Davies, 1985

His comment suggests something of the perceptual aspect of design thinking - see-
ing the vase rather than the faces, in the well-known ambiguous figure. It implies
that design is emergent - relevant features emerge in putative solution concepts,
and can be recognised as having properties that suggest how the developing solu-
tion-concept might be matched to the developing problem-concept. In design, the
solution and the problem develop together.

The ill-defined nature of design problems means that they cannot be solved
simply by collecting and synthesising information, as the architect Richard Mac-
Cormac (1976) has observed:

I don’t think you can design anything just by absorbing infor-
mation and then hoping to synthesise it into a solution. What
you need to know about the problem only becomes apparent as
you’'re trying to solve it.

MacCormac is saying that all the relevant information cannot be predicted and
established in advance of the design activity. The directions that are taken during
the exploration of the design territory are influenced by what is learned along the
way, and by the partial glimpses of what might lie ahead. In other words, design
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is opportunistic, and so the path of exploration cannot be predicted in advance.
Given the apparently ad hoc and surprise-full nature of creative design activity, it is
not unusual for designers, when talking about design thinking, to refer to the role
of ‘intuition’ in their reasoning processes. For instance, the industrial designer
Jack Howe has commented:

I believe in intuition. I think that’s the difference between a
designer and an engineer... I make a distinction between engi-
neers and engineering designers... An engineering designer is just
as creative as any other sort of designer.

Quoted by Davies, 1985.

This emphasis on ‘intuition’ is perhaps a bit surprising, coming from someone
with a reputation for rather severe, rational design work. But I think that the con-
ceptof ‘intuition’ is a convenient, shorthand word for what really happens in design
thinking. The more useful concept that has been used by design researchers in
explaining the reasoning processes of designers is that design is abductive: a type
of reasoning different from the more familiar concepts of inductive and deductive
reasoning, but which is the necessary logic of design - the necessary but difficult
step from function to form (Roozenburg, 1993).

The thinking processes of the designer seem to hinge around the relationship
between internal mental processes and their external expression and representa-
tion in sketches. As the engineer-architect Santiago Calatrava has said:

To start with you see the thing in your mind and it doesn’t exist
on paper and then you start making simple sketches and organ-
ising things and then you start doing layer after layer ... it is very
much a dialogue.

Quoted by Lawson, 1994

Acknowledging the dialogue or ‘conversation’ that goes on between internal and
external representations is part of the recognition that design is reflective. The
designer has to have some medium - which is the sketch — which enables half-
formed ideas to be expressed and to be reflected upon: to be considered, revised,
developed, rejected and returned to.

Given the complex nature of design thinking, therefore, it hardly seems sur-
prising that the structural engineering designer Ted Happold should have sug-
gested that:

Ireally have, perhaps, one real talent; which is that I don’t mind
at all living in the area of total uncertainty.
Quoted by Davies, 1985
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Happold certainly needed this talent, as a leading member of the structural design
team for some of the most challenging buildings in the world, such as the Sydney
Opera House and the Pompidou Centre in Paris. The uncertainty of design is both
the frustration and the joy that designers get from their activity; they have learned
to live with the fact that design is ambiguous. Designers will generate early tentative
solutions, but also leave many options open for as long as possible; they are pre-
pared to regard solution concepts as necessary, but imprecise and often inconclusive.

One final theme that emerges from conversations with designers is the sense
of risk-taking that accompanies creative design. The racing car designer Gordon
Murray has said:

There are patches of quite - loneliness, really, when you sit there
and you think - I'm committed to this crazy idea!
Quoted by Cross and Clayburn Cross, 1996

This comment is from someone whose innovative, Formula One cars for the Bra-
bham and McLaren teams won more than 50 Grand Prix races, and four Driv-
ers’ World Championships, and who designed the outstanding McLaren F1 - a
road-going ‘supercar’ that also went on to dominate in GT racing for several sea-
sons. In the face of the uncertainty of original design, there comes a time when
the designer has to make a personal commitment. I think we have to acknowledge
that design is risky - it is not comfortable, and it is not easy. The designers I have
quoted above - all of them successful, and acknowledged expert or even outstand-
ing designers - made their reputations by taking risks.

In quoting these designers, and interpreting those quotations in terms of
concepts from design research, I have been trying to show two things. Firstly, that
although designers themselves do not normally use the kinds of concepts that the
researchers use, we are talking about the same experiences and perceptions: we are
talking about - hopefully, developing a disciplined conversation about (see Cross,
1999) - the natural intelligence of highly-developed design ability. Secondly, I have
wanted to show that this is a difficult conversation: we are not talking about simple
activities that can be expressed in simple concepts.

I don’t want to imply that designing is mysterious and obscure; but I do want
to show that it is complex. Although everyone can design, designing is one of the
highest forms of human intelligence.

The Role of Sketching in Design

In order to explore the complexity of design thinking a little more deeply, I would
like to consider how and why designers use one of the particular tools that helps
them to think - the tool of sketching. The use of sketches is clearly an important
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part of the natural processes of designing, but trying to understand just what this
importance is, is something that has only relatively recently become a subject of
more careful consideration and analysis by design researchers.

I have already used a quotation from Santiago Calatrava to the effect that
sketching is fundamental, as a kind of ‘dialogue’ situation for the designer. But
why is it necessary for designers to draw at all? One obvious reason is that the end
point of the design process usually requires a drawing, or a set of drawings, that
provide a model of the object - the building or the product - that is to be made by
the builder or manufacturer. That is the designer’s goal - to provide that model. If,
given the brief for a new product, the designer could immediately make that final
model, then there would really be no need for a design process at all - the designer
would simply read the brief and then prepare the final drawings.

Perhaps that is the goal of some the research in Al in design: to construct
a machine that takes the design brief as input and gives the design drawings (or
probably some other form of data for manufacture) as output. But human beings
do not seem to be able to do that. A design process is necessary in which the final
drawings are gradually, and sometimes rather arduously approached through a
series of other drawings that we call sketches. As the industrial designer Jack Howe
said, about how to start a design project, or how to proceed when stuck, ‘I draw
something — even if it’s “potty” - the act of drawing seems to clarify my thoughts’
(quoted by Davies, 1985). Trying to understand what goes on in that sketching-and-
thinking process should give us some insights into the nature of the design process.

Drawing and sketching have been used in design for a long time - certainly
since long before the Renaissance, although it is the period since that time that
has seen a massive growth in the use of drawings, as designed objects have become
more complex and more novel. Many of Leonardo da Vinci’s drawings of machines
show one of the key aspects of drawings, in terms of their purpose of communi-
cating to someone else how a new product should be built, and also how it should
work. Some of Leonardo’s design drawings also show how a drawing can be not
only a communication aid, but also a thinking and reasoning aid. Tzonis (1992)
has discussed how Leonardo’s sketches for the design of fortifications show how
he used sightlines and missile trajectories as lines to set up the design of the forti-
fications, and how cognitive processes were assisted by drawing.

Similar kinds of drawing and thinking can also be seen in more contempo-
rary sketches, such as those of the architect Alvar Aalto (Figure 3.1). Apparently
Aalto would sometimes use random drawing marks as stimuli to the development
of ideas for building forms. But in this set of design sketches we see how sketch-
ing can help the designer to consider many aspects at once - we see plans, eleva-
tions, sections, details, all being drawn together and thus all being thought about,
reasoned about, all together, alongside calculations of areas, volumes, and per-
haps costs.
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Figure 3.1.

Alvar Aalto: design
sketches for the
Maison Carré,
Bazoches, France

Figure 3.2.

James Stirling: design
sketches for the Fogg
Museum, Boston, USA
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056 DESIGNERLY WAYS OF KNOWING



The architect Richard MacCormac has said, ‘I use drawing as a process of criticism
and discovery’ (quoted by Lawson, 1994). The concepts that are drafted in design
sketches are there to be criticised, not admired; and they are part of the activity
of discovery, of exploration, that is the activity of designing. Sketches by another
architect, James Stirling (Figure 3.2), again show plans and sections being drawn
and considered together, and also 3D representations of the emerging building, as
the designer generates alternative versions, and criticises them, and continues the
voyage of discovery.

One might ask, why is it not done, simply to produce the one drawing, the one
solution? Well, because a large number of alternative solutions are possible, and
because (as Marples pointed out all that time ago) the nature of the design problem
can only be found by exploring it through some alternative solution proposals.

This critical, reflective dialogue through sketching is just as relevant in high-
performance engineering design as it is in architectural design. The racing car
designer Gordon Murray says that he does lots of thumbnail sketches, in which
he ‘talks’ to himself by annotating them with criticisms such as ‘too heavy’, and
‘stupid’ or ‘rubbish’ (Cross and Clayburn Cross, 1996).

So what might we learn from looking at these examples of what designers
sketch, and considering their own comments about why they make sketches? One
thing that is clear is that sketches enable designers to handle different levels of
abstraction simultaneously.

Clearly this is something important in the design process. We see that design-
ers think about the overall concept and at the same time think about detailed
aspects of the implementation of that concept. Obviously not all of the detailed
aspects, because if they could do that, they could go straight to the final set of
detailed drawings. So they use the sketch to identify and then to reflect upon criti-
cal details - details that they realise will hinder, or somehow significantly influence
the final implementation of the detailed design. This implies that, although there
is a hierarchical structure of decisions, from overall concept to details, designing is
not a strictly hierarchical process; in the early stages of design, the designer moves
freely between different levels of detail.

The identification of critical details is part of a more general facility that
sketches provide, which is that they enable identification and recall of relevant know-
ledge. As Richard MacCormac said, ‘What you need to know about the problem
only becomes apparent as you're trying to solve it.’ There is a massive amount of
information that may be relevant, not only to all the possible solutions, but sim-
ply to any possible solution. And any possible solution in itself creates the unique
circumstances in which these large bodies of information interact, probably in
unique ways for any one possible solution. So these large amounts of information
and knowledge need to be brought into play in a selective way, being selected only
when they become relevant, as the designer considers the implications of the solu-
tion concept as it develops.
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Because the design problem is itself ill-defined and ill-structured, another key
feature of design sketches is that they assist problem structuring through solu-
tion attempts. We have seen that sketches incorporate not only drawings of tenta-
tive solution concepts but also numbers, symbols and texts, as the designer relates
what he knows of the design problem to what is emerging as a solution. Sketch-
ing enables exploration of the problem space and the solution space to proceed
together, assisting the designer to converge on a matching problem-solution pair.
It enables exploration of constraints and requirements, in terms of both the limits
and the possibilities of the problem and solution spaces.

Finally, as several design researchers have pointed out, sketches in design
promote the recognition of emergent features and properties of the solution concept.
They help the designer to make what Goel (1995) called ‘lateral transformations’ in
the solution space: the creative shift to new alternatives. They assist in what Gold-
schmidt (1991) called the ‘dialectics of sketching’, the dialogue between ‘seeing
that’ and ‘seeing as’, where ‘seeing that’ is reflective criticism and ‘seeing as’ is the
analogical reasoning and reinterpretation of the sketch that, again, provokes cre-
ativity. And sketches help the designer to find the unintended consequences, the
surprises that keep the exploration going in what Schén and Wiggins (1992) called
the ‘reflective conversation with the situation’ that is characteristic of design thinking.

In all these ways, and in some more that I'm sure we have still to realise,
sketching helps design thinking. In design, drawing is a kind of intelligence ampli-
fier, just as writing is an intelligence amplifier for all of us when we are trying to rea-
son something out. Without writing, it can be difficult to explore and resolve our
own thoughts; without drawing, it is difficult for designers to explore and resolve
their thoughts. Like writing, drawing is more than simply an external memory aid;
it enables and promotes the kinds of thinking that are relevant to the particular
cognitive tasks of design thinking. We have seen, through considering the role of
sketching in design, confirmation of the aspects of design thinking I identified ear-
lier, such as the exploratory, opportunistic and reflective nature of design thinking.

Can a Machine Design?

Let me now turn from understanding how human designers think, from natural
intelligence in design, to artificial intelligence in design: from how humans think
to how machines might think.

Asking ‘Can a machine design?’ is similar to asking ‘Can a machine think?’.
The answer to the latter question seems to be, ‘It all depends on what you mean by
“think”.” Alan Turing (1950) attempted to resolve the question by his ‘Turing Test’
for artificial intelligence - if you could not distinguish, in a blind test, between
answers to your questions provided by either a human being or a machine, then
the machine could be said to be exhibiting intelligent behaviour, i.e. ‘thinking’.
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In some of my research related to computers in design, I have used something like
the Turing Test in reverse — getting human beings to respond to design tasks as
though they were machines. There have been various intentions behind this strat-
egy. One intention has been to simulate computer systems that do not yet exist;
another has been to try to shed light on what it is that human designers do, by inter-
preting their behaviour as though they were computers. My assumption through-
out has been that asking ‘Can a machine design?’ is an appropriate research strat-
egy, not simply for trying to replace human design by machine design, but for
better understanding the cognitive processes of human design activity. However,
this assumption has been challenged recently. Here I will first review some of my
research, and then return to this challenge.

My first postgraduate research project, at the Design Research Laboratory
at UMIST, Manchester, directed by John Christopher Jones, was in ‘Simulation
of Computer Aided Design’ (Cross, 1967). At its core was a novel but strange idea
that we might get some insights into what CAD might be like, and what the design
requirements for CAD systems might be, by attempting to simulate the use of CAD
facilities which at that time were mostly hypotheses and suggestions for future
systems that hardly anyone really knew how to begin to develop. The strangeness
about this idea was that we would effect these simulations through getting human
beings to pretend to be the computers! This was the reverse application of the
‘Turing Test’.

The research was based on getting designers (architects) to attempt a small
design project in experimental conditions (like the protocol studies and similar
studies that have developed since that time). They were given the design brief, and
asked to produce a sketch concept. As well as conventional drawing materials,
they had a simulated computer system to help them: they could write questions on
cards located in front of a closed-circuit TV camera, and would receive answers on
a TV screen in front of them. In another room, at the other end of the CCTV link,
was a small team of architects and building engineers who attempted to answer the
designer’s questions. Thus we had a very crude simulation of some features of what
might actually now be parts of a modern-day CAD system, such as expert systems
and databases.

The designers who participated in these experiments were not told what to
expect from the ‘computer’, nor given any constraints on the kinds of facilities they
might choose to ask of it. Thus we hoped to discover what kinds of facilities and
features might be required of future CAD systems, and gain some insights into the
‘systemic behavioural patterns’ that might emerge in these future human-compu-
ter systems.

We conducted ten such experiments, each of which lasted about one hour.
The messages between designer and ‘computer’ were recorded, and one of the
analyses I made was to classify them into the topics to which they referred, from
the client’s brief to construction details. This kind of data gave some insight into
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the designers’ patterns of activity, such as a cyclical pattern of topics over time,
from requirements to details and back again. The number of messages sent in
each experiment was quite low, with normally several minutes elapsing between
requests from the designer. Of course, the response time from the ‘computer’
could also be quite long, typically of the order of 30 seconds. Despite this appar-
ently easy pace of interaction, all the designers reported that they found the exper-
iments hard work and stressful. They reported the main benefit of using the ‘com-
puter’ as being an increased speed of work, principally by reducing uncertainty (i.e.
they relatively quickly received answers to queries, which they accepted as reliable
information).

We also tried a few variations from the standard experiments. The most inter-
esting was to reverse the normal set of expectations of the functions of the designer
and the ‘computer’. The ‘computer’ was given the job of having to produce a design,
to the satisfaction of the observing designer. It was immediately apparent that in
this situation there was no stress on the designer - in fact, it became quite fun -
and it was the ‘computer’ that found the experience to be hard work. This led me to
suggest that CAD system designers should aim for ‘a much more active role for the
computer’:

We should be moving towards giving the machine a sufficient
degree of intelligent behaviour, and a corresponding increase in
participation in the design process, to liberate the designer from
routine procedures and to enhance his decision-making role.
Cross, 1967

This vision of the intelligent computer was based on an assumption that a machine
can design - that it can be programmed to do a lot of the design work, but under
the supervision of a human designer. I still think that there is something relevant
in this vision of the computer as designer - it still offers a more satisfactory basis
for the human-machine relationship in computer aided design than current CAD
systems. Why isn’t using a CAD system a more enjoyable, and perhaps also a more
intellectually demanding experience than it has turned out to be?

Computation and Cognition

Itseems that Al-in-designresearch can be aimed eitherat supporting design (through
interactive systems that aid the designer’s creativity) or at emulating design (that
is, through developing computational machines that design). Where the goal is to
develop interactive systems that support designers, then knowledge of the human
designer’s cognitive behaviour obviously is of fundamental importance, because
the users of the interactive systems (that is, designers) must be able to use them
in ways that are cognitively comfortable. So the systems must be designed on the
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basis of models of the cognitive behaviour of the system users.

But reference to human designers’ cognitive behaviour is perhaps inevitable
in Al research in design, because it is the results of human behaviour that set the
standards for performance against which to assess the progress of the computa-
tional machines, just as chess-playing machines are matched against human chess
masters. The highest standards of design performance that are (currently) availa-
ble to us are those provided by the most creative human designers.

However, perhaps the goals of developing either interactive design systems
or autonomous design machines are not the only goals of this research field. For
some, an intrinsic goal is to further our understanding of human cognitive behav-
iour by attempting to model or emulate it in computational terms. Asking ‘Can a
machine design?’ can be a research strategy for gaining insights into how design-
ers think.

Again,we might make the analogywith computational modelling of chess play-
ing. Surely the highest goals of such modelling are not simply to produce machines
that can (in some sense) ‘play’ chess, or fatuously to replace all human chess play-
ers by machines? The goals of computational chess-playing must include develop-
ing our understanding of the nature of the ‘problem’ of the chess game itself, and
of the nature of the human cognitive processes which are brought to bear in chess
playing and in the resolution of chess problems. In such ways we could further our
understanding of ourselves.

At least, that has always been my assumption about the value of having
machines do things that human beings do for fun, whether that is playing chess,
or designing. But John Casti, of the Santa Fe Institute, has come to a rather dis-
turbing conclusion about the lessons that have been learned from chess-playing
machines. In his book, The Cambridge Quintet (1998), Casti imagines some conver-
sations on computation and artificial intelligence between Turing, Wittgenstein,
Schrédinger, Haldane and Snow. In a postscript, Casti refers to the 1997 defeat of
the World chess champion, Garry Kasparov, by the computer program Deep Blue I,
and he quotes Kasparov as saying, ‘I sensed an alien intelligence in the program.’

Casti then goes on to come to the rather surprising and depressing conclu-
sion that ‘we have learned almost nothing about human cognitive capabilities and
methods from the construction of chess-playing programs’.

So, in Al-in-design research, will we be forced to come to the same conclu-
sion, that ‘we have learned almost nothing about human cognitive capabilities
and methods from the construction of designing programs’? Will designers rather
nervously contemplate the ‘alien intelligence’ of the designing programs? Will we
have built machines that can design, but also have to bring ourselves to Casti’s view
of the ‘success’ of chess-playing machines: ‘the operation was a success - but the
patient died!’?

Perhaps Casti is being unduly pessimistic. One thing that we have learned
from chess-playing programs is that the brute force of computation actually can
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achieve performances that outmatch human performance in a significant area of
human cognitive endeavour. And surely researchers of computer chess-playing
have learned something of the cognitive strategies of human chess players, even
though their programs do not ‘think’ like humans?

What is the point of having machines do things that human beings not only
can do perfectly well themselves, but also actually enjoy doing? Like playing chess,
people enjoy designing - and, I believe, people are very good at designing. If, as
Casti says, the building of chess-playing computer programs really has taught us
‘almost nothing about human cognitive capabilities’, then the research and pro-
gramming efforts have been almost useless.

It seems to me that the kind of AI research that emulates human cognitive
activities should address the question, ‘What are we learning from this research
about how people think?’ Some of the Al-in-design research should attempt to tell
us something about how designers think. Through Al-in-design research, I think
we can hope to learn some things about the nature of human design cognition
through looking at design from the computational perspective.

And of course, there is something else as well. Instead of machines that
do things that people enjoy doing, and are good at doing, we want machines to
do things that are arduous and difficult for human beings to do. We also want
machines to do things that are not merely arduous or difficult for human beings to
do, but to do things that human beings simply cannot do unaided. So rather than
just emulate human abilities, some of our design machines should also do things
that designers cannot do.
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4. CREATIVE COGNITION IN DESIGN I:
THE CREATIVE LEAP*

Literature on creativity often emphasises the ‘flash of insight’ by which a creative
ideais frequently reported to occur. The classic accounts of creative breakthroughs
in science and mathematics, such as Kekulé’s account of his insight into the struc-
ture of the benzene molecule, or Poincaré’s accounts of his mathematical insights,
suggest that creative thought is characterised by such acts of sudden illumination
(Koestler, 1964). Wallas (1926) incorporated this view into a general model of the
process of creative problem-solving, which consists of the four stages of prepara-
tion, incubation, illumination and verification. This model is still accepted as valid
today, and the concept of sudden ‘illumination’ as representing creative thought is
so widely understood that cartoonists use a lighted lightbulb as a universal symbol
for someone suddenly having a ‘bright idea’.

Similarly, in engineering and design, significant innovations or novel design
concepts are often reported as arising as sudden illuminations (Maccoby, 1991).
The idea of ‘the creative leap’ has for some time been regarded as central to the
design process (Archer, 1965). Whilst a ‘creative leap’ may not be a required fea-
ture of routine design, it must surely be a feature of non-routine, creative design.
Some would argue that all design, by its very nature, is creative. However, there are
times when a designer will generate a particularly novel design proposal, and there
is evidence that the level of ‘creativity’ of a design proposal can be reliably assessed,
at least by peer-groups (Amabile, 1982; Christiaans, 1992). In this case, creative
design is related to product-creativity, rather than process-creativity.

In some other fields, the ‘creative leap’ is characterised as a sudden percep-
tion of a completely new perspective on the situation as previously understood.
This is the basis of Koestler’s (1964) model of ‘bi-sociation’ to explain the ‘creative
leap’, for example, in humour. In creative design, it is not necessary that such a
radical shift of perspective has to occur in order to identify a ‘creative leap’. There
might be no unexpected dislocation of the solution space itself, but merely a shift
to a new part of the solution space, and the ‘finding’ there of an appropriate con-
cept. This is what characterizes creative design as exploration, rather than search.
Unlike bi-sociation, creative design is not necessarily the making of a sudden ‘con-
trary’ proposal, but is the making of an ‘apposite’ proposal. Once the proposal is
made, it is seen to be an apposite response to the given, and explored, problem
situation.

In this chapter, creative design is therefore regarded as the apposite proposal
of a concept which embodies novel features for a new design product. Such a pro-
posal may or may not arise as a sudden ‘flash of insight’, but it will constitute a

* First published as ‘Modelling the Creative Leap’in the preprints of the international
workshop Computational Models of Creative Design Ill, edited by J S Gero, M L Maher and
F Sudweeks, Key Centre of Design Computing, University of Sydney, Australia, 1995.

THE CREATIVE LEAP 065



‘creative leap’ across the gap between the functional design requirements and the
formal design structure of a potential new product. We shall see that the creative
cognitive act in design appears to be not so much taking a leap as building a bridge
between problem requirements and solution proposal.

An Example of a Creative Leap

This example of a ‘creative leap’ occurring in a design context comes from one of the
protocol analysis studies used in the Delft Design Protocols Workshop (Cross et al.,
1996). This Workshop was based on a set of analyses made by different research-
ers around the world, of the same selected videotape recordings and transcripts of
experimental design sessions. Two such experimental sessions were used in the
Workshop; one using the ‘think aloud’ protocols of an individual designer, and the
other using the naturally-occurring interactions of a small team of three designers
(identified anonymously in the transcripts as I, ] and K). The same design problem
was set both to the individual designer and the team: the design of a carrying/fas-
tening device for mounting and transporting a hiker’s backpack on a mountain
bicycle. This device would be something like a special bicycle luggage rack.

A ‘creative leap’ seems to have occurred as a sudden illumination in the
team’s design process, at a point when one of the team members, Designer J, sug-
gests the following design concept: ‘maybe it’s like a little vacuum-formed tray’. This
tray idea is quite quickly taken up by the team, and the other members collaborate
in developing the concept into a fully-fledged design. A transcript of the session at
the period around the ‘creative leap’ is given in Appendix A. Their resulting design
proposal is shown in Figure 4.1. The proposal is for a plastic tray, positioned over
the rear wheel of the bicycle, with metal mounting points onto the saddle tube and
onto the rear wheel frame tubes, and with cross-over straps to hold the backpackin
the tray.

Records of their own work were kept by the team in the form of sketches on
paper, and lists compiled on the whiteboard. They began by attempting to list a
‘functional specification’ and the problem constraints, and to this was added later
a list of features that they intended their product to have. All these items were
derived from the brief and related information provided in the experiment. They
then developed the problem into three sub-problem areas: 1. the position of the
rack device relative to the bicycle, 2. joining mechanisms between (a) the backpack
and the rack and (b) the rack and the bicycle, 3. materials for making the rack.

In each case, they explored problems and solutions together, by propos-
ing concepts (sub-solutions) for each sub-problem and evaluating/discussing the
implications and possibilities of each concept. For example, Appendix B is part of
the transcript of the team’s discussion of the ‘rack-to-bike’ joining problem. This
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Figure 4.1.
The team’s design
proposal

Lack 15
Fehnee

shows how their thoughts about the positioning of the rack and its supports to the
bicycle frame raise issues such as riding stability, ergonomics of use, weight of a
full backpack, and user behaviour. In general, they argue from form to function,
rather than vice versa.

One of the significant issues that arises in this way is that the backpack’s own
shoulder straps, etc., become hazardous if they dangle into the bicycle wheel. After
generating their random concept-lists, the team then review each list to eliminate
unsatisfactory concepts and identify their preferred ones. As they go through the
pack-to-rack list, the ‘bag’ concept is stressed as a solution for holding all the loose
straps, and then the ‘tray’ concept suddenly appears, as the transcript shows:

K:

Bag; putitin a bag; we’re gonna need some sort of thing to do
something with those straps

To get this out of the way

So it’s either a bag, or maybe it’s like a little vacuum-formed
tray kinda for it to sit in

I: Yeah, a tray, that’s right, OK

It would be nice, I mean just from a positioning standpoint,
if we’ve got this (backpack) frame outline and we know that
they’re gonna stick with that, you can vacuum-form a tray
Right, or even just a small part of the tray...

Something to dress this [straps] in

Maybe the tray could have plastic snap features in it, so you
just like snap your backpack down into it

Snap in these [backpack] rails
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J: It’s a multi-function part

K: Youjust snap in these rails

Yeah, snap the rails into the tray there
OK

It takes care of the rooster-tail problem...

In this 1-minute segment, we see the key concept, the tray idea, being proposed,
accepted, modified, developed and justified. As well as securely holding the back-
pack, the proposed concept solves two particular problems: the dangling straps
problem and the ‘rooster-tail’ problem - i.e. the water/mud spray (like a rooster tail)
thrown up by a mountain bicycle wheel, which would dirty the backpack unless it is
protected. The conceptual strength of the tray idea seems to lie in the way it embod-
ies a potential solution form that, once it has been expressed, recognisably satisfies
certain key problems and also recognisably can be modified and refined to accom-
modate other problems and requirements in a satisfactory way. It is an ‘apposite’
proposal, as defined earlier.

But did the tray idea just come out of the blue? It was certainly the first
instance of the use of the word ‘tray’ in the whole transcript, and from then on ‘tray’
is repeatedly used as the defining concept for the team’s design proposal. (The
word ‘tray’ subsequently occurs 35 times in the last 40 minutes of the transcript.)
Possibly related concepts that had been mentioned earlier included references to
injection-moulded plastic as a possible material, and flat plastic forms for the rack
device. In fact, nearly 20 minutes earlier than the tray idea was first expressed, it’s
originator, Designer J, referred to a similar kind of rack idea that he recalled:

J: It looks like everything we’re looking at right now is wire-
form, but actually a friend of mine suggested a product that
he would do - an injection-moulded rack that would kind of
like fold down - a couple of years ago...

Another team member immediately responded with recalling a similar device that
he remembered:
I: It’s like the little rack that was flat, it had these panels... but
these panels were solid, it had little wheels... and it would
come off and then it would be like a little trailer

Designer J also suggests another kind of flat plastic panel solution a few minutes
later:

J: I think that a super simple solution - might not be strong
enough though - if you can imagine just taking a piece of like
propylene or something like that, and diecutting this triangle
that you can fold, you know, like a cutout from a pop-up book
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or whatever, and it bolts on down there, and creates a flat sur-
face... kind of acts as a mudguard too

So ideas related to the device as a flat sheet of plastic, which would also act as a
mudguard, were being suggested shortly before the appearance of the concept
embodied in the apparent creative leap. The significant difference seems to be
expressing this concept as a ‘tray’ - i.e. a flat surface with a raised lip around its cir-
cumference. (Proposing this as ‘vacuum-formed’ was also the first time this manu-
facturing process was mentioned, but as the concept is developed, the manufactur-
ing process reverts to being injection-moulded.) The ‘tray’ concept summarises, in
an envisionable form, a recognisably good solution, in a way that is significantly
different from the potential concept of a ‘flat’, ‘folded’, ‘panel’. The key difference
seems to be related to perceiving a tray as a container (like a bag), whereas the pre-
vious concepts had only identified a flat surface.

As the earlier transcript extract showed, the first emergence of the tray con-
cept seems to be immediately recognised and accepted by the team as a good con-
cept. However, they return to their discipline of checking-off the other concepts
that they had generated. But Designer ] is careful to insist that the new concept of
‘tray’ is added to the list:

J: Ithink tray is sorta, a new one on the list, it's not a sub-set
of bag...

Very shortly afterwards, as they conclude this stage of their design process, Designer
J also makes clear his commitment to the tray concept:

J: TIreallylike thattrayidea...Ithinkall design eventually comes
down to a popularity contest

The ways in which persuasive tactics are used by members of the team to get their
own preferred concepts adopted, such as expressing emotional commitment to
them, have been referred to in more depth elsewhere (Cross and Clayburn Cross,
1995). The emotional content of creative thought, in the context of computational
modelling, has also been stressed by Gelernter (1994).

To summarise how this ‘creative leap’ emerged, we can see that it draws upon
earlier notions that, in retrospect, seem very similar - a flat, folded surface in plas-
tic material - but which lacked the apparently critical feature of ‘containment’ that
a ‘tray’ has: its generation is perhaps aided by the immediately prior consideration
of a more extreme form of containment, a bag; it seems to focus on one particular
problem (containing the straps) as the most significant consideration; it is quickly
elaborated to satisfy a range of other problems and functions; it is recognisably a
bridging concept between problem and solution, which synthesizes and resolves a
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variety of goals and constraints; and it occurs during a ‘review’ period, after earlier
periods of more deliberately generating concepts and ideas.

ldentifying the Leap

The Delft Protocols Workshop was concerned with analysing design activity across
a broad spectrum of approaches; it was not concerned specifically with analysing
creativity, for example. Of the twenty Workshop papers, ten analysed in some form
the team experiment, but none of these concentrated specifically on the ‘creative
leap’ identified above. However, some of the analyses of design activity in these
papers provide evidence which identifies when the ‘leap’ occurs, and its signifi-
cance in the design process of the team.

Most analyses of the team design process in the Delft Workshop do not indi-
cate how the tray concept originated, but some do reinforce the importance of this
concept as marking a key point in the process. For example, Giinther et al. (1996)
classified the team’s protocol statements into pertaining to three major stages of a
design process: clarifying the task, searching for concepts and fixing the concept.
Their resulting chart (Figure 4.2) suggests how the tray concept, which occurred at
around 78 minutes, effectively ended the ‘searching for concepts’ stage. Similarly
the graph produced by Maziloglou et al. (1996), of ‘discourse production’ (Figure
4.3), shows how the team’s discourse (verbal statements made) peaked in the ‘solu-
tion’ related category in the period around the emergence of the tray concept. Rad-
cliffe’s (1996) analysis of the shifting ‘work loci’ (Figure 4.4) also shows how the
focus shifts at around 80 minutes, from handling artefacts (principally the back-
pack and bicycle provided for the team) and listing on the whiteboard, to develop-
ing the final design, largely through sketches.

#-- I T [ clarifying the task
(I T U T searching for concepts
(= T MO MMM | fixing the concept

0 10 20 30 40 S0 60 70 80 90 100 110 120
time [min]

Figure 4.2.
Principal phases of the team’s design process,
identified by Gunther et al. (1996)
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Figure 4.3.
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An analysis which came closer both to tracing the ‘history’ of the tray concept and
indicating its important role was that by Goldschmidt (1996). Her ‘linkograph’ of
the relevant section of the team protocol is shown in Figure 4.5, where J’s ‘tray’
statement is number 30. The linkograph shows how each statement (or ‘move’)
is linked (by a ‘common sense’ analysis of relationships between statements) to
others. Statement 30 in this particular group is identified as a ‘critical move’, i.e.
one which has a relatively high number of links to other statements that succeed
it. Goldschmidt identifies this set of statements around statement 30 as a partic-
ularly ‘productive’ phase of the team’s design activity, relatively rich in interlinks
between statements. Again, her analysis does not explain how the significant ‘tray’
concept came to be generated, but her analysis confirms it as a statement that is
very influential.
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Figure 4.5.

Linkograph of the team’s
design moves around
the ‘creative leap’

(move 30), identified by
Goldschmidt (1996)

The linkograph shows a highly-interconnected ‘chunk’ of statements, from state-
ments 28 to 54. Statement 28 is Designer I's suggestion to ‘put it in a bag’; state-
ment 54 is Designer J’s insistence that ‘tray is sorta, a new one on the list, it’s not a
sub-set of bag.’ In that short period (2 minutes) we see that the tray concept some-
how generates a highly productive, cognitively rich sequence of interacting state-
ments, with the team members building on each other’s ideas. (The full transcript
of statements 28-54 is that given in Appendix A.)

Statement 30 (‘maybe it’s like a little vacuum-formed tray’) does appear to
come ‘out of the blue’ - it has just two ‘back-links’ in the linkograph, to the imme-
diately preceding statements. (Other ‘back-links’, for example earlier references to
flat, plastic devices, are not shown in this particular, limited section from the full
session.) Itsimportance, though, is clear in the relatively high number of ‘fore-links’
it has; i.e. subsequent statements that build onto, or refer back to, this statement.

Modelling the Leap

Research in artificial intelligence has attempted to model and simulate various
aspects of design, including creative design. This section will draw from some of
these attempts to model creative design, in order to see what insights they add
to the previous example of a creative leap in the design process, and whether the
example creative leap can be explained in computational modelling terms.

Rosenman and Gero (1993) and Gero (1994) suggested five procedures by
which creative design might occur: combination, mutation, analogy, design from
first principles, and emergence. In this section I will discuss how these procedures
might be used to explain, or at least to shed some light on, the particular ‘creative
leap’ example presented above. I will also discuss the possibilities and/or difficul-
ties that there appear to be within computational modelling of providing adequate
models of creative design through such procedures.
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Combination

Creative design can occur by combining features from existing designs into a new
combination or configuration. In the example of the ‘tray’ idea, relevant previous
concepts that had occurred in the team’s discussion were that of a flat plastic panel
and a bag. It seems possible that the ‘creative leap’ occurred by a combination in
the designer’s mind of ‘panel’ + ‘bag’ to give ‘tray’ (Figure 4.6). In this case, ‘tray’
is not a new kind of artefact (trays already exist), but the combination of ‘panel’ +
‘bag’ in the designer’s mind could have triggered an association with ‘tray’, as sug-
gested by Figure 4.6. In the context of the team’s design process, at that particular
point, ‘tray’ was a novel concept.

Figure 4.6.
Possible combination

of ‘panel’ plus ‘bag’ to
give ‘tray’ I‘-Gx =

A more novel concept than a simple ‘tray’ might have arisen from the combination
of ‘panel’ + ‘bag’; for example, a bag with a normal, flexible upper part but a rigid,
flat panel bottom (again, such artefacts do already exist). In fact, the team mem-
bers do go on to propose developments of the tray idea which would have been
more novel combinations of ‘panel’ + ‘bag’. Immediately after the initial accept-
ance of the tray idea, Designer I articulates a concept of a net-like zippered con-
tainer, which J develops into ‘a tray with a net and a drawstring’, and K (using anal-
ogy) further develops into the net as something like a retractable window blind:

I: Whatifyour bagwere big, or, what if your, er, if this tray were
not plastic, but like a big net, you just sorta like pulled it
around and zipped there, I dunno

J: Maybe it could be a part, maybe it could be a tray with a net
and a drawstring on the top of it, I like that, that’s a cool idea

I: A tray with sort of just hanging down net, you can pull it
around and zip it closed

K: It could be like a window shade, so you can kinda, it sinks
backin

I: Itretracts,yeah

K: You pull down, it retracts in

J: Aretracting shade
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In this sequence of the team’s dialogue, we see how the initial (possible) combi-
nation of ‘panel’ + ‘bag’ - ‘tray’ becomes developed into a combination of ‘bag’
+ ‘tray’ which leads to an original, very novel concept of a tray with some form of
retractable, net-bag container. (The lack of a familiar term to describe this device
indicates its novelty.) This would have been perhaps a ‘more creative’ combination
of ‘panel’ + ‘bag’ than the ‘tray’ concept. In the end, the team does not develop the
retractable net-bag idea, but adds cross-over straps to the tray as a means of con-
straining the backpack.

The team seems to know how far to pursue novel combinations, before with-
drawing to reconsider and start another line of reasoning. In computational sys-
tems it is difficult to know how to set such a limit; how does a system recognise that
a satisfactory, or more-than-satisfactory, concept has been created from combina-
tions of previous concepts?

Mutation

Creative design by mutation involves modifying the form of some particular fea-
ture, or features, of an existing design. In computational systems, features may
be selected and modified at random, and then evaluated, or there may be some
directed procedure for selecting and modifying particular features. In the natural
design process, it seems more likely that the latter procedure would operate.

In our example, a mutation procedure might conceivably have happened,
transforming a flat panel into a tray (Figure 4.7). If Designer J was thinking of the
inadequacies of a flat panel (e.g. it doesn’t securely contain the backpack), he could
have thought of putting a raised lip around the edges of the panel, giving rise to the
concept of a tray. Designer K’s earlier sketch (see Figure 4.10a, and the discussion
of ‘emergence’, below) may also have been influential in suggesting such a muta-
tion. We do not know what cognitive processes gave rise to J's ‘creative leap’, but it
does seem that a mutation procedure could have generated ‘tray’ from ‘flat panel’.

Figure 4.7.
Possible mutation of
‘flat panel” into ‘tray’ =

The difficulty in computational modelling is identifying which structural features
of the existing design to select for modification, and what kinds of modification to
apply. In this case, to reproduce ‘flat panel’ - ‘tray’, it would have been necessary
to identify the panel edges as relevant features, and to modify them by thickening

074 DESIGNERLY WAYS OF KNOWING



and/or extending them out of the surface plane of the existing design. The muta-
tion procedure would have to have been based on recognition of the inadequate
behaviour of a flat panel in relation to the function of ‘containment’.

Analogy

The use of analogical thinking has long been regarded and suggested as a basis
for creative design (Gordon, 1961). We have already seen, in the extract above, how
‘window shade’ is used as an analogy to help describe (if not necessarily to gener-
ate) a concept of a retractable net-bag. The ‘tray’ idea does seem to originate in
close association with the ‘bag’ idea. Designer J says, ‘So it’s either a bag or maybe
it’s like a little vacuum-formed tray, kinda, for it to sit in,” which suggests that he
thinks of ‘tray’ as an alternative to ‘bag’ for the backpack to ‘sit in’. This strongly
suggests an analogical procedure ‘bag’ - ‘tray’ (Figure 4.8), based on thinking of
analogues to ‘bag’ for something to ‘sit in’, to be contained and carried.

The difficulty for computational modelling based on analogyis in abstracting
the appropriate behavioural features of an existing design. In this example, a bag’s
behavioural features of enclosing and carrying are apparently selected as relevant,
whereas other behaviours such as flexibility are not. Furthermore, it would seem
that partial-enclosure (such as in a tray) is more relevant than full-enclosure (as
in a bag); about 20 minutes earlier in the session, before the ‘tray’ idea, ] had sug-
gested ‘maybe it’s a little bucket that it sits in,” but this was ignored by the rest of
the team and apparently soon forgotten. ‘Bucket’ is more ‘bag-like’ than ‘tray’, but
was apparently not deemed to be an appropriate analogy.

Figure 4.8.
Possible analogy of Z%

First Principles

Designing ‘from first principles’ is often advocated as a way of generating good
and/or creative designs (French, 1994). The difficulties for both artificial and nat-
ural design processes are in identifying what exactly the ‘first principles’ may be
in any design situation, and how they may be used to generate design concepts.
The example given by Rosenman and Gero (1993) is Peter Opsvik’s design of the
novel ‘Balans’ chair from the ‘first principles’ of the ergonomics of sitting posture.
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But what are the ‘first principles’ for ‘a carrying/fastening device for mounting and
transporting a hiker’s backpack on a mountain bicycle’?

Perhaps we see an attempt at design from first principles in the sketch pro-
duced very early in the team’s session by Designer K. This is reproduced as the left-
hand side of Figure 4.9. K makes this sketch of ‘backpack + accessory + bicycle’ as
thoughitis a personal attempt to represent the design problem - she does not draw
it to the attention of the rest of the team, and it plays no overt role in the design
process. However, perhaps it does express the ‘first principles’ of the design prob-
lem, and perhaps it does embody a ‘tray-like’ solution concept. Designer K later
sketched such a solution concept, as discussed below.

sk
g

“T
st “‘\“—g"r@ =

Figure 4.9. Possible inference of design from first principles

Designing ‘from first principles’ is at the core of any significant understanding of
design. It assumes the theoretical position that designing proceeds by identifying
requirements, or desired functions, and arguing from these to appropriate forms
or structures. It is the abductive leap of reasoning from function to form that is
regarded as the kernel of design (Roozenberg, 1993). But in practice, as we have
seen in the extracts from the design team’s protocols, and has been suggested by
others (March, 1976), designers usually proceed by suggesting ‘protomodels’ of
forms or structures, and evaluating these in order to amplify the requirements
or desired functions. Takeda et al. (1996), in their analysis of the team protocol,
showed how functions, as well as structures, develop and evolve during the course
of the design process. The ‘function’ of a product to be designed is not, therefore,
a static concept, a ‘given’ at the start of the design process.

Emergence

Emergence is the process by which new, previously unrecognised properties are
perceived as lying within an existing design. Within the artificial intelligence com-
munity it has been discussed particularly with reference to the recognition of emer-
gent, or extensional, shapes within the original, intentional shapes (Gero, 1994).
However, emergent behaviours and functions, as well as emergent structures, are
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recognised by designers. For example, Designer J apparently recognises the emer-
gent behaviour of protection from the ‘rooster tail’ spray in the tray concept, and
adds that as a further validation of the concept.

In our example, it is difficult to know whether the ‘tray’ idea occurred as a case
of emergence. In this context, it is interesting that Designer K had made a sketch
quite early in the session (around 40 minutes) of what could be a design proposal
which has a strong ‘tray-like’ resemblance (Figure 4.10a). As with her possible ‘first
principles’ sketch, K does not publicly offer this sketch to the team, but makes the
sketch whilst the other two team members are engaged in another activity. How-
ever, the other two certainly become aware of the sketch later, because they both
use it (at around 60 minutes) to overdraw on it some different features - Designer
J draws some adjustable stays onto it, and Designer I draws the wheels of his fold-
down ‘trailer’ onto it. Designer I had just previously sketched the ‘trailer’ concept
(Figure 4.10b).

Therefore it would be possible to speculate that ‘tray’ emerged as a structure
from either Designer K’s sketch or the previous concept of ‘trailer’ (Figure 4.10).
However, there is no real evidence for this. If it did, then the emergence procedure
would seem to have been one of recognising the box-like structures in the sketches
and converting that to a shallow box, i.e. a tray.

In anything other than flat-pattern, graphic or decorative design, emergence
is not simply a matter of shape recognition. It involves recognising emergent
behaviour out of structure, and/or emergent function out of behaviour. It therefore
presents significant challenges in terms of computational modelling.

Figure 4.10.

Possible inference of
emergent concept from
previous representations
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Not Leaping but Bridging

This study of one example of a ‘creative leap’ in design has suggested that the exam-
ple creative leap could conceivably be modelled by procedures such as combina-
tion, mutation, analogy, emergence, or designing from first principles. Because
there is no overt record of the designers’ cognitive processes, it is not possible to
identify which, if any, of the creative procedures actually occurred in the example.
However, if computational models of such procedures can be constructed, then
progress is possible in computational modelling of creative design. Computational
modelling of creative processes in the arts and sciences has had some reported suc-
cess (Boden, 1990). The relative lack of progress in computational modelling of cre-
ative design may be due to the ‘appositional’ nature of design reasoning, in which
function and form are developed in parallel, rather than in series.

The appositional nature of design reasoning has been neglected in most mod-
els of the design process. Consensus models of the engineering design process
(Cross and Roozenburg, 1992), such as that promulgated by Verein Deutscher Inge-
nieure (VDI, 1987), the German professional engineers’ association, propose that
designing should proceed in a sequence of stages, like the stage-process adopted
by the team studied here. They propose that a product design specification and a
function structure should be developed before the search for solution principles
and the generation of a principal solution. They also propose that the overall prob-
lem should be decomposed into sub-problems, and then sub-solutions found and
combined into an overall solution. This iswhat the team attempted. However, as we
have seen, exploration and identification of the complex network of sub-problems
in practice is often pursued by considering possible sub-solutions (illustrated by
the transcript extract in Appendix B).

In practice, designing seems to proceed by oscillating between sub-solution
and sub-problem areas, as well as by decomposing the problem and combining
sub-solutions.

During the design process, partial models of the problem and solution are
constructed side-by-side, as it were. But the crucial factor, the ‘creative leap’, is the
bridging of these two partial models by the articulation of a concept (the ‘tray’ idea
in this example) which enables the partial models to be mapped onto each other.
The ‘creative leap’ is not so much a leap across the chasm between analysis and
synthesis, as the throwing of a bridge across the chasm between problem and solu-
tion. The ‘bridge’ recognisably embodies satisfactory relationships between prob-
lem and solution. It is the recognition of a satisfactory concept that provides the
‘illumination’ of the creative ‘flash of insight’.

This recognition is a perceptual act by the designer (and by his colleagues,
in this example of teamwork), and our knowledge of perceptual ‘puzzles’ can per-
haps provide analogies of the process. For example, the recognition of a proposed
design concept as embodying both problem and solution together may be regarded
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as something like the well-known duck-rabbit puzzle (Figure 4.11); it is neither one
nor the other, but a combination which resolves both together and allows either to
be focused upon. Suggesting that ‘Maybe it’s a little vacuum-formed tray’ is rather
like saying ‘Maybe it’s a duck-rabbit’. Can computational models of creative design
recognise a duck-rabbit when they see one?

Figure 4.11.
The duck-rabbit perceptual puzzle

Appendix A:
Transcript of the discussion at the time of
the ‘creative leap’

I: we’ll just call it that for now er bag putitin a bag we’re gonna
need some sort of thing to do something with those straps
K: to get this out of the way
yeah
yeah either the
so it’s either a bag or maybe it’s like a little vacuum formed
tray kinda for it to sitin
yeah a tray that’s right OK
J: ’cos it would be nice I think I mean just from a positioning
standpoint if we’ve got this frame outline and we know that
they’re gonna stick with that you can vacuum form a a tray
ora
I: right or even just a small part of the tray or I guess they have
these
K: sosomething to dress this in
yeah
or even just em
maybe the tray could have plastic snap features in it so you
just like kkkkkk snap your backpack down in it
I: mmmm Iwas thinking of er
K: snap in these rails
J: it’s amultifunction part huh

01:19:00

ot
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01:20:00

K:

K:

you just snap in these rails

yeah snap the rails into the tray there

mm mm

OK

it takes care of the easy it takes care of the rooster tail prob-
lem on your pack

uh uh what if your bag were big er what if you’re you're on er
in this tray were not plastic but like a big net you just sorta
like pulled it around and zipped there I dunno

maybe it could be part maybe it could be a tray with a with a
net and a drawstring on the top of it I like that

I: yeahImeanem

K:

K:

K:
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that’s a coolidea
a tray with sort of just hanging down net

you can pull it around and and zip it closed

it could be like a a a window shade so you can kinda it sinks
backin so it just

ohyeah

it retracts yeah
you pull down it retracts in

aretracting shade

right right

so that that’s not dragging in the spokes if you don’t have any-
thing attached

sowhatwe’re doing right now though is we’re coming up with
like again classifications of solutions of kind of all they’re all
either or things I mean like we wouldn’t do the net and the
shade and the snap in with the tray either or any one of those
will probably
yeah OK

anet can be combined with a shade I mean you could have a
retractable net that that’s how I thought of it

so we I think the issue that we’re talking about is is straps so
we’ll just keep that one on the burner
yeah maybe there’s some cool innovation there
well yeah OK

OK now er it had er has er

I think tray is sorta a new one on the list it’s not a subset of
bag it’s a kind of er yeah but oh yeah yeah yeah oh I see shade
straps is how do you dress the straps on the back
yeah yeah OK



Appendix B:
Transcript of part of the discussion of
joining ‘rack to bike’

00:46:00

00:47:00

J:

K:

K:

K:

um one of the things I was thinking that if you did this one
of the things that could be neat is people were talking about
like centre of gravity and I think that it’ll be

different for different people what their preference is a
little bit

mm mm

like where they want that mass maybe the if there’s a thing
that comes down to here you could have it so that it adjusts so
you could kinda lever the pack up or down a little bit y’know
ifit’s not a a fixed

seems like lower is better regardless as you say like we design
in the low position and not necessarily try and get

you’re gonna have um

the adjustability

I: isthere gonna be an issue of the height of this I mean
J: what about clipping under the bottom of the seat
I: yeah or even the the seat post neck

K:

K:

K:

K:

K:

oh these things yeah

the other thing we ought to be concerned about ergonom-
ically is that when you’re at the bottom of your stroke your
leg is is right in here you want to make sure you don’t get too
close to the seat

: soyou need to you need to come back from that

or
not too far back

lower back

yeah it’s just one thing I've noticed when I put stuff on a big
bike rack and it’s sticking out kinda like a tent back here
yeah it’ll bend to your legs yeah

then the back of mylegs I can feel it

I mean what what how much weight do you think somebody
could realistically put in that pack

probably thirty fifty

thirty pounds
fill it with sand
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I: isthatinformation we have access to um

J:
I:
Experimenter:
J:
K:
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: yeah what’s typical weight that people carry in a backpack

dowe have information about what er weights are that people
might carry in a backpack or

have they done any market surveys

market surveys about

We do have some facts on the use of the backpack here

OK - fiftyfive and sixtyfive litre versions of the backpack
twentytwo kilograms

so fortyfive pounds fifty pound yeah

including sleeping bag oh so I suppose that’s an issue too
when you put this thing on

ohyeah

you want to make sure that that is

still fits

(inaudible)

it says people are generally going to put that at the base of the
pack



5. CREATIVE COGNITION IN DESIGN I
CREATIVE STRATEGIES *

Most studies of designer behaviour have been based on novices (e.g. students) or,
at best, designers of relatively modest talents. The reason for this is obvious - it is
easier to obtain such people as subjects for study. However, if studies of designer
behaviour are limited to studies of rather inexpert designers, then it is also obvi-
ous that our understanding of expertise in design will also be limited. In order to
understand expertise in design, we must study expert designers. In some instances,
it will be necessary to study outstanding, or exceptionally good designers. This is
analogous to studying chess masters, rather than chess novices, in order to gain
insight of the cognitive strategies and the nature of expertise in chess playing.

As in chess playing, in design practice it also seems clear that some individu-
als have differing levels of ability - some designers seem to perform consistently
better than others, and some are outstandingly good. However, there have been
only a few studies of outstanding designers, such as Lawson’s (1994) studies of suc-
cessful architects and Roy’s (1993) studies of successful product designers.

This chapter reports three studies of innovative design by outstanding
designers — a protocol study and two retrospective case studies. The studies are of
projects by the engineering designer Victor Scheinman, the product designer
Kenneth Grange, and the racing car designer Gordon Murray. The focus is on iden-
tifying the designers’ creative strategies in responding to the problems they tackle.
There appear to be several striking similarities in the creative strategies exercised
by these designers in these projects, which suggest that a common understanding,
and indeed a general model, might be constructed of high level, creative strategies
in design.

Studies of Outstanding Designers
Victor Scheinman

Victor Scheinman is an engineering designer with many years of experience in
designing both mechanical and electro-mechanical machines, and robotic sys-
tems and devices. He was one of the earliest designers of modern robotic devices,
and he has won several design awards from the American Society of Mechanical
Engineers. He is an accomplished, expert designer, outstanding in his field. He vol-
unteered to participate in a protocol study experiment, in which he was videore-
corded whilst he ‘thought aloud’ over a 2-hour session. The observations of Victor’s

* First published as ‘Strategic Knowledge Exercised by Outstanding Designers’ in the preprints
of the international workshop Strategic Knowledge and Concept Formation Ill, edited by J S Gero
and K Hori, Key Centre of Design Computing, University of Sydney, Australia, 2001.
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design strategy are therefore based on the artificial situation of a controlled exper-
iment. Although Victor has a wealth of design experience, the design task set in
the experiment was a novel task for him. The task was to design ‘a carrying/fasten-
ing device that would enable you to fasten and carry a backpack on a mountain
bicycle’. Full details of the experiment are reported in the proceedings of the ‘Delft
Design Protocols Workshop’ (Cross et al., 1996).

In the following analysis of Victor’s strategy, quotations are taken from the
transcript of his ‘think aloud’ comments, preceded by the timestamp for the quo-
tation. After some preliminaries, the substantive experimental session began at
timestamp 00.15 minutes.

Quite early in the session Victor began to identify particular features of the
problem that would influence his approach to developing a design concept. For
example, very early in the session, in reading the design brief, he made a comment
that suggested he saw something special about the design problem:

00.19 it is to attach to a bicycle, a mountain bike, and to me that
makes it different.

Victor was also able to draw on personal experience that helped him to formulate
some of the implicit requirements for a good design solution:

00.26 having used a backpack on a bike in the past and having rid-
den over many mountains, unfortunately not on a mountain
bike but I can imagine that the situation is similar, I learned
very early on that you want to keep it as low as possible.

He also drew upon personal experience to confirm that the preferred location for
the backpack would be on the rear wheel rather than the front wheel:

00.51 my first thought is hey the place to put it is back here; there’s
another advantage by the way of having it in the back I can
see immediately, and that is it’s off the side in the front, and
you’re on a mountain bike trail and you hit something you're
out of control in the front wheel.

00.52 downhill work on mountain bikes, I know you want to keep
your weight back rather than forwards.

Victor’s personal experience of biking with a backpack led him to identify an issue
that only someone who has had such experience might be aware of:

00.55 when I biked around Hawaii as a kid that’s how I mounted
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my backpack ... and I have to admit if there’s any weight up
here this thing does a bit of wobbling, and I remember that as
anissue.

So the view that Victor formed of the problem was that of the total task that encom-
passes the dynamic system of the rider plus bicycle plus backpack, and the issues
of control of the bicycle that arise in the situation of riding over rough terrain with a
heavy backpack attached to the bicycle. This is a different situation to that of every-
day, smooth-surface, level-grade riding, and it accentuates the needs to position
the backpack low and to the rear. The view that Victor had of the design task was
significantly different from a view that might be formed from considering the bicy-
cle and backpack in a static situation, or without considering the effects on the rid-
er’s ability to control the bicycle with a mounted backpack. Victor’s understanding
of the dynamic situation therefore enabled him to formulate a broad view of the
design task.

From this overview of the total dynamic system of rider + bicycle + backpack,
Victor identified stability as a key issue. Quite early in the session, commenting on
a prototype design that had been developed earlier by other designers, he surmised
about the user-evaluation report on this prototype that:

00.22 it probably says the backpack’s too high or something like
that, and that bicycle stability’s an issue.

Victor therefore framed the problem as ‘how to maintain stability’, given that a
heavy backpack had to be carried over the rear wheel of the bicycle, and given his
experience of the ‘wobbling’ that can occur in the riding situation. This problem
framing and his prior experience led him to conclude that he must design a rigid
carrying device:

00.59 the biggest thing that I remember in backpack mounting is
that it’s got to be rigid, very rigid.

He then developed this viewpoint into the requirement that the structural mem-
bers of any carrying device must be stiff:

01.06 making the carrier stiff enough for holding the backpack,
that seems to be a big issue.

So, at about halfway through the session, Victor had derived a framing of the prob-
lem, which directed him to design a stiff, rigid carrier, mounted as low as possi-
ble over the rear wheel. Soon after, a secondary viewpoint emerged, which arose
from considering the client’s needs as well as those of the user (which had domi-
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nated Victor’s thinking so far). The client for the design task was a manufacturer
who wanted to sell the carrying device in conjunction with their already-existing
backpack. The device therefore needed to have unique selling points that differen-
tiated it from other, similar products. During the development of his design con-
cept, Victor kept in mind that he needed the product to have a ‘proprietary feature’,
as emerged in some of his comments, discussed below.

Having established a need for rigidity, Victor was able to utilise his knowledge
of structural engineering principles as he developed a concept design for the car-
rying device - in particular, knowledge that a triangulated structure is inherently
rigid. This led him to avoid designing a rectangular, parallelogram form of struc-
ture, which was the form that rather naturally seemed to arise from considering
the basic shape of the carrier and the location of its supporting structure on the
bicycle. Whilst sketching a basic position and layout for the device, Victor com-
mented:

01.07 one of the problems with a bicycle carrier where the frame is
mounted out here and it goes to that, is that you end up with
a parallelogram - bad thing, bad thing!

He expanded on this comment, identifying his concern with stability as a key
requirement:

01.08 if I were to make a frame that looked like this, that would be
avery poor design because basically what I've got is, I've got a
parallelogram which has very little lateral stability.

He then introduced the principle of triangulation, whilst drawing a triangular form
onto the layout:

01.09 itwould be nice if I could, for instance, run these rods up here
to some point and therefore create a triangle, this would give
me great stiffness - good idea!

The principle of triangulation subsequently guided Victor’s generation of the basic
form and the detailed design features of his carrier. As he drew his design in more
detail, he commented:

01.16 we’re going to have this as a triangular structure here to pro-
vide the lateral stability.
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Figure 5.1. One of Victor’s design development sketches

As he continued to develop his design (Figure 5.1), he constantly referred to struc-
tural principles, seeking to avoid ‘bad’ configurations and to generate ‘good’ ones,
making comments such as:

01.42 my detail here is going to have to be something like this
because my forces along this tube are this way . . good, this is
good; and then this detail is going to be, er, let’s see . . alright
that’s bad . . that’s bad . . that’s bad, so I'm going to need
something like that.

In the meanwhile, as noted above, Victor also used the client’s requirement of a
unique selling proposition to help guide and to reinforce his decision to seek a
design based on triangular structures:

01.10 that is going to be our proprietary feature, a triangular, rigid
structure with no bends in it; these rods are then going to be
in tension and compression, no bending.

01.41 I want to make sure that this rod here comes to a point, not
stop right there . . that’s to a point; that’s going to be my feature.
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In these comments, Victor demonstrated that he regarded the pronounced triangu-
lar form at the rear of the carrier as something to be retained as a feature that would
help give the product an attractive and distinctive appearance. His design for the
carrying device is therefore based on an integrated concept in which user require-
ments are addressed through the problem frame of stability, leading to the use of
triangulation as the guiding first principle, which he then also uses to address the
client’s goal of having a proprietary, unique selling feature to the product.

Having the benefit of a ‘think aloud’ transcript, we can see that Victor’s cre-
ative strategy involves addressing issues at several levels of generality - forming
a broad, system’s view of the required product in its situation; from that, devel-
oping a particular perspective or problem frame for guiding the solution concept;
using that perspective to identify relevant first principles of engineering design to
embody the concept; and also maintaining in mind the satisfaction of the client’s
goal of a successful consumer product. Let’s now see if this analysis of a formal
experiment helps to identify whether similar strategies can be observed in the real-
world work of other outstanding designers.

Kenneth Grange

Kenneth Grange is a highly successful British designer of a great variety of products
that range in scale from ball-point pens and disposable razors to train seats and
railway engines. His career has spanned over more than forty years, and many of
his designs became (and remain) familiar items in the household or on the street
- oron the rail track. These designs include the first UK parking meters for Venner,
food mixers for Kenwood, razors for Wilkinson Sword, cameras for Kodak, type-
writers for Imperial, clothes irons for Morphy Richards, cigarette lighters for Ron-
son, washing machines for Bendix, pens for Parker, and the front end - driving cab
and nose cone - of the British Rail high-speed train. He is one of the Royal Soci-
ety of Arts’ élite corps of ‘Royal Designers for Industry’, and his designs have won
many awards. In 2001 he was awarded the Prince Philip Designer Prize — a kind of
‘Oscar’ for lifetime achievement. His career began with his first independent com-
missions in the nineteen-fifties, and in 1972 he was a founding-partner in what was
to become the world-renowned interdisciplinary design consultancy, Pentagram.
This study is based on personal conversations and a more formal taped inter-
view with Kenneth (a fuller presentation of the study has been given elsewhere, in
Cross, 2001).

A significant feature of much of Kenneth Grange’s design work is that it is not
based on just the styling or re-styling of a product. His designs often arise from a
fundamental reassessment of the purpose, function and use of the product. A typi-
cal example is his design of a sewing machine for the Japanese company, Maruzen.
They were looking for new designs for their European market where their high
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quality, well-engineered machines were sold under the name of Frister & Rossman.
Kenneth’s resulting design incorporated the standard Maruzen machinery, but
repackaged it in novel ways that made it easier to use and gave the overall machine
anew and distinctive form and style, as required by the clients.

The origins of the new design features lay in Kenneth’s functional, practical
approach, and on his personal experience. His starting point was to make some
personal use of a sewing machine. He quickly found what he regarded as a ‘con-
tradiction’ in the design, in that the sewing machine mechanism was located cen-
trally on its base, whereas the user needs more surface space on their side of the
needle than behind it. The user needs to assemble and lay out the material to be
sewn, and control it as it passes under the needle, and therefore needs a flat work-
ing surface in front of the needle; once the work is behind the needle there is not
the same need for space. Kenneth therefore saw one important aspect of the prob-
lem as being to increase the available work-surface space in front of the sewing
needle. His solution concept simply moved the sewing machine mechanism rear-
wards on its base, creating an asymmetrical layout with more base-table space in
front of the needle than behind it. To him, this appeared a virtually self-evident
improvement to make, but the reason it had not been done before was because
sewing machines had developed from regular engineering practices. The mecha-
nism was from the very beginning simply put centrally on the base and nobody had
thought about challenging this arrangement.

Another radical change in this particular sewing machine design was also a
result of a simple, fundamental assessment of how the machine is used. Kenneth
gave the base of the machine pronounced, rounded lower edges, which look like a
mere styling feature, but in fact also arose from function. A recurring need in using
a sewing machine is to clean the bobbin mechanism (under the needle, in the base
of the machine) of the lint and loose fibres that inevitably gather and affect the
functioning of the machine. In previous designs, this was achieved by the user tilt-
ing the machine backwards, away from them, into a precarious, unstable position
that only allowed restricted access to the shuttle mechanism. To Kenneth Grange,
this was simply inadequate. He wanted the user to be able to get easy, unrestricted
access to the mechanism. So he designed it to tilt upright to the side, and that
action in itself suggested a rolled edge to the base plate. The rolled edge made it
easier for the user to tilt the machine, it rested stable and secure, and the complete
underside was accessible for cleaning and oiling the lower mechanisms. A radi-
used top front edge was also provided to the base plate, to allow the fabric to slide
over it more easily, and various other features were added, such as small drawers
for holding accessories.

The sewing machine design illustrates how Kenneth Grange’s approach is to
consider the whole pattern of use of the product he is designing, exemplified here
by considering the requirements of periodically cleaning the machine, and by con-
sidering how the user prepares and introduces the fabric into the stitching mecha-
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nism, thus requiring more make-up space in front of the needle than behind it. The
innovative ‘style’ and features of the new machine were generated from consider-
ing and responding to the functional patterns of its use.

Gordon Murray

This case study is of a designer with a long-established record as a highly success-
ful and highly innovative designer in a highly competitive environment; that of For-
mula One racing car design. Gordon Murray was chief designer for the Brabham
team from 1973 to 1987, and the McLaren team from 1987 to 1991. Brabham cars
designed by him and driven by Nelson Piquet won World Championships in 1981
and 1983, and his McLaren cars, driven by Alain Prost and Ayrton Senna, won
World Championships in 1989 and 1990. In over 20 years in Formula One design,
he established an outstanding reputation not only as a successful designer (over 50
race wins) but also as a consistently radical innovator.

Gordon Murray is clearly an outstanding designer who achieved considerable
success. In his case the measures of his success as a designer are absolute - his
achievements have been in a competition field where absolute performance stand-
ards are the criteria. We have been able to gain some insight into Gordon Murray’s
design strategies and approaches through conversations and interviews, and these
have been reported in more depth elsewhere (Cross and Clayburn Cross, 1996).
Here we will discuss just one example of Gordon’s radical approach to racing
car design.

At the start of the 1981 racing season, the Formula One governing body, FISA,
had introduced new regulations intended to reduce ‘ground effect’ on the cars.
This effect had been pioneered on Lotus cars some three seasons earlier; very low,
smooth underbodies, flexible side-skirts and careful aerodynamic design provided
a ground-effect downforce which increased the car’s grip on the track surface. This
meant much higher cornering speeds were possible, and by the 1980 season there
were worries about safety and the lateral g-force effects that were being imposed on
the drivers. In 1981 FISA set a minimum ground clearance under all cars of 6 cm,
by which they intended to eliminate or substantially reduce ‘ground effect’. But for
Gordon Murray this change in the regulations was simply a stimulus to innovation.
He said, ‘The 1981 car, which was a World Championship-winning car, came abso-
lutely from the regulation change. You sit there and you read the regulations and
think, how we are going to do it? How the hell can we get ground effect back?’

Gordon realised that the authorities had to accept that at some points dur-
ing a race, any car’s ground clearance is going to be less than the 6 cm minimum,
simply because of the effects of braking, or roll on corners, etc. His radical solu-
tion concept — which he said came as a sudden illumination after a long period of
worrying at the problem - took advantage of this. Knowing that any driver-oper-
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ated, mechanical device to alter the ground clearance was illegal, he focused on
the physical forces that act on a car in motion. The braking and cornering forces
he felt unable to work with because of their asymmetrical effects on the car, but
the downforce pressure from airflow over a fast moving car will, if the car is well-
designed aerodynamically, push the car down equally over its whole length and
width. The design challenge, therefore, as Gordon interpreted it, was to let the nat-
ural downforce push the car down at speed, and then somehow to keep it down
when it slowed for corners, but allow the car to return to 6 cm ground clearance at
standstill. Gordon had therefore framed the problem as one of sustaining a tempo-
rary lowering of the car, from natural forces, only whilst it was at racing speeds.

The ingenious solution that he developed incorporated hydro-pneumatic
suspension struts at each wheel, connected to hydraulic fluid reservoirs. As the car
went faster, the aerodynamic downforce pushed the body lower on its suspension
and the hydraulic fluid in each suspension strut was pushed out into the reservoirs.
The trick then was to find a way of letting the fluid return to the suspension struts
only very slowly when the car slowed down. At cornering speeds, the suspension
would stay low, but on slowing down and stopping at the end of the race, the fluid
would return from the reservoirs to the suspension struts, giving the required 6 cm
ground clearance. Gordon and his team developed such a system, using devices
such as micro-filters borrowed from medical technology. The hydro-pneumatic
suspension system is an example of radical innovation arising through framing the
problem in a particularly focused way and then working creatively with basic physi-
cal forces.

Comparing the Strategies

Although they stem from very different domains of design - a bicycle luggage car-
rier, a sewing machine, a racing car - all three studies can be seen to demonstrate
similarities in the approaches taken by the designers. Firstly, all three designers
either explicitly or implicitly rely upon ‘first principles’ in both the origination of
their concepts and in the detailed development of those concepts. Victor Schein-
man relied strongly on the basic structural principle of triangulation to achieve the
rigidity and stiffness that he considered important in the design of the backpack
carrier. Gordon Murray stressed the need to ‘keep looking at fundamental physi-
cal principles’ for innovative design, and in his design to regain ground effect he
focused on the physical forces that act on a car at speed. Kenneth Grange was less
explicit about first principles, but it is clear that he adheres strongly to the modern-
ist design principle of ‘form follows function’; he approaches design problems ‘by
trying to sort out just the functionality, just the handling of it, and by-and-large out
of that comes a direction.’ This approach is evident in the sewing machine design,
which is based very much on functional, usability aspects. So use of ‘first princi-
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ples’ seems to be a crucial aspect in the knowledge and skills exercised by these
three designers.

Secondly, all three designers appear to explore the problem space from a
particular perspective in order to frame the problem in a way that stimulates and
pre-structures the emergence of design concepts. In some cases, this perspective
is a personal one that they seem to bring to most of their designing. For example,
Kenneth Grange has a strong, emotional distaste for what he considers to be ‘con-
tradictions’ in design, where the object is not well-adapted to its user and the pat-
terns of use. He said, ‘I think it’s a question of what your attitude is towards any-
thing, any working thing. My attitude is to want it to be a pleasure to operate.” And
it was from operating the sewing machine that the essential concept of an asym-
metrical layout emerged, and the rounded edges, which gave the clients the re-
styling that they wanted. Victor Scheinman also used a distinct usability perspec-
tive in his problem structuring for the backpack carrier, for which, like Kenneth
Grange, he drew upon his personal experience of using such a device. For Victor,
it soon emerged that ‘bicycle stability’s an issue,” and so ‘it’s got to be rigid, very
rigid.’ This led him to the triangularity of his design concept, which he then used to
establish a distinctive appearance for the product, to satisfy the client’s need for a
unique selling feature. In both the sewing machine and the backpack carrier exam-
ples, we see how the designer’s personal problem framing and use of first principles
led to a concept that reconciled the designers’ goals (on behalf of the user) with the
more commercial goals of the client. In the case of the racing car design, Gordon
Murray’s problem frame was governed by his focus on ‘How the hell can we get
ground effect back?’ in order to achieve his goal of the fastest car, whilst satisfying
the criteria set by the FISA regulations. This problem frame, and reliance upon first
principles of ‘basic physics’, led him to the unique concept of the variable hydro-
pneumatic suspension system. For these three designers, therefore, their prob-
lem framing arises from the requirements of the particular design situation, but
is strongly influenced by their personal motivations, whether they may be altruisti-
cally providing pleasure for the product user, or competitively achieving the fastest
car despite the regulations.

Finally, it seems from these three examples that perhaps creative design
arises especially when there is a conflict to be resolved between the (designer’s)
high-level problem goals and the (client’s) criteria for an acceptable solution. Such
a conflict is particularly evident in Gordon Murray’s design strategy, which was to
challenge and somehow circumvent the criteria set by the technical regulations.
In Kenneth Grange’s case, the potential conflict was with the client’s criteria for a
product re-styling job, whereas his goal was to provide the user with an enhanced
affordance of use from the product. As he said, ‘You are almost invariably brought
in by somebody who has got a very elementary commercial motive in changing the
perception of the product. It’s extremely unusual to be brought in to approach it
from this usability, this function theme.’ A very similar conflict was resolved by

094 DESIGNERLY WAYS OF KNOWING



Victor Scheinman's

strategy
Stability Marketing
feature
N /
“It’s got to ; ;
o Triangulari
be rigid” gulanty
N /!
Structural
triangulation
Kenneth Grange's
strategy
Affordance :
Re-stylin
of use VRS
N /!
“A pleasure Asymmetrical
to operate” layout
N /!
Form follows
function
Gordan Murray's
strategy
Faster car Regulations
N /!
“Get ground Hydro-pneumatic
effect back” suspension
N /!
Downforce
from airflow
Figure 5.1.

The three designers’ strategies
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Victor Scheinman, when he reconciled the user’s need for a stable, rigid product,
with the client’s commercial need for a product that had some distinctive market-
ing feature.

These similarities in strategy are illustrated in Figure 5.1. In each case, at
the upper level there is a conflict, or potential conflict, between what the designer
seeks to achieve as the highest goal and what the client sets as fundamental crite-
ria. At the intermediate level, the designer frames the problem in a personal way,
and develops a solution concept to both match that frame and satisfy the criteria.
At the lower level, all three designers use first principles of basic physics, engineer-
ing and design to bridge between the problem frame and a solution concept.

A model that encapsulates and generalises the particulars of all three exam-
plesis given in Figure 5.2. At the lowest level the designer draws upon explicit, artic-
ulated knowledge of first principles, which may be domain specific or more general
scientific knowledge. At the intermediate level is where strategic process knowl-
edge is especially exercised, and where that knowledge is more variable, situated
in the particular problem and its context, tacit and perhaps personalised and idi-
osyncratic. At the higher level there is a mix of relatively stable, but usually implicit
goals held by the designer, the temporary problem goals, and fixed, explicit solu-
tion criteria specified by the client or other domain authority.

Problem goals &—  Tensionbetween —> Solution criteria
conflicing
Exploring to establish Jz /‘
\ Developed to satisfy
Resolved by
matching
Problem frame — — Solution concept
\ Achieved by usin /l
Used to identify yusing Embodied in
Relevant first
principles

Figure 5.2.
Ageneral model of the creative strategy
followed by all three designers
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Design Expertise

Three key strategic aspects appear to be common in the creative expertise of all
three designers: 1) taking a broad ‘systems approach’ to the problem, rather than
accepting narrow problem criteria; 2) ‘framing’ the problem in a distinctive and
sometimes rather personal way; and 3) designing from ‘first principles’. These
are all aspects that have been (separately) recommended by design theorists or
methodologists from time to time. For instance, Jones (1970) has recommended
a systems approach; Schon (1983) has identified the importance of ‘problem fram-
ing’; and authors such as French (1985) and Pahl and Beitz (1984) have stressed
the importance of ‘first principles’ as design guides in engineering. However, such
insights and recommendations have not, in general, been based on much appar-
ent evidence or empirical study of expert designers. The studies presented here
therefore lend some credence to such insights, and perhaps offer more objective
evidence about the nature of skilled, expert design behaviour.

The general model presented in Figure 5.2 also attempts to integrate the sepa-
rate insights, and perhaps offers a broader understanding of outstanding, creative
thinking in design. For example, although use of ‘first principles’ is often stressed
in design education and practice, it is not evident which particular first principles
are relevant to call upon until a problem frame has been established. The model,
and the examples, perhaps also help to articulate some more detailed features, in
the context of design, of the general observation often made by others (Ericsson
and Smith, 1991) of the ‘breadth-first’ approach of experts in comparison with the
‘depth-first’ approach of novices.

From the analysis of the three examples, it appears that there are similar
aspects to the creative strategies adopted by all three exceptional designers. It is
perhaps surprising to see such commonalities between the three, considering the
great disparity between the design projects in which they were engaged. However,
although there are similarities in creative strategies across domains, this does not
necessarily mean that experts can successfully switch practice between domains.
Ericsson and Lehmann (1996) found that the superior performance of experts is
usually domain-specific, and does not transfer across domains. Extensive training
within a domain still seems to be crucial to professional expertise.

Itis also worth commenting on the fact that the similarities in creative strate-
gies found in these studies emerged from two quite different kinds of study - retro-
spective interviews and a concurrent protocol analysis. Nevertheless, there remain
methodological problems of verifying the accuracy or relevance of the analyses that
we and others have so far been able to make of the skills of exceptional designers.
The difficulties of studying the performance of such people in formal ways may
always limit the validity of the analyses, but more studies of expert and exceptional
designers might lead to a more informed consensus about how design skills are
exercised by experts, and on the nature of expertise in design.
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6. UNDERSTANDING DESIGN COGNITION *

In this chapter I will focus on what we have learned about design cognition from
protocol and other empirical studies of design activity. I will try to pick out some
consistent patterns that may be discerned in the results of such studies, and toiden-
tify issues that are pertinent to the utilisation of the results (for example, in design
education) and to further research. I will take a cross-disciplinary, or domain-inde-
pendent view of the field, and try to integrate results from studies across the vari-
ous domains of professional design practice.

Of all the empirical research methods for the study and analysis of design
activity, protocol analysis (Ericsson and Simon, 1993) is the one that has received
the most use and attention in recent years (Cross et al., 1996). It has become
regarded as the most likely method (perhaps the only method) to bring out into
the open the somewhat mysterious cognitive abilities of designers. It does, though,
have some severe limitations, to be noted later.

In analysing design cognition, it has been normal until relatively recently
to use language and concepts from cognitive science studies of problem solv-
ing behaviour. However, it has become clear that designing is not normal ‘prob-
lem solving’. We therefore need to establish appropriate concepts for the analy-
sis and discussion of design cognition. For example, designing involves ‘finding’
appropriate problems, as well as ‘solving’ them, and includes substantial activity
in problem structuring and formulating, rather than merely accepting the ‘prob-
lem as given’. The first main area in which Iwill present my interpretations of find-
ings, patterns and issues in design cognition is therefore that of how designers
Jformulate problems. The second main area will be how designers generate solutions,
since that is the over-riding aim and purpose of design activity: to generate a satis-
factory design proposal. And the third main area will be the process strategies that
designers employ, because there has been a lot of interest in design methodology
- the understanding and structuring of design procedures - especially in the con-
text of design education.

Problem Formulation

It is widely accepted that design ‘problems’ can only be regarded as a version of ill-
defined problems. In a design project it is often not at all clear what ‘the problem’
is; it may have been only loosely defined by the client, many constraints and criteria

* First presented at the international workshop on Knowing and Learning in Design, Atlanta, Georgia, USA,
1999, and first published as ‘Design Cognition: Results from Protocol and Other Empirical Studies of
Design Activity’ in Design Knowing and Learning: Cognition in Design Education, edited by C M Eastman,
W M McCracken and W C Newstetter, Elsevier, Oxford, UK, 2001.
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may be un-defined, and everyone involved in the project may know that goals may
be re-defined during the project. In design, ‘problems’ are often defined only in
relation to ideas for their ‘solution’, and designers do not typically proceed by first
attempting to define their problems rigorously.

One of the concerns in some other areas of design research has been to for-
mulate design problems in well-defined ways. This is intended to overcome some
of the inherent difficulties of attempting to solve ill-defined problems. However,
designers’ cognitive strategies are presumably based upon their normal need to
resolve ill-defined problems. Thomas and Carroll (1979) carried out several obser-
vational and protocol studies of a variety of creative problem-solving tasks, includ-
ing design tasks. One of their findings was that designers’ behaviour was character-
ised by their treating the given problems as though they were ill-defined problems,
for example, by changing the goals and constraints, even when they could have been
treated as well-defined problems. Thomas and Carroll concluded that: ‘Design is a
type of problem solving in which the problem solver views the problem or acts as
though there is some ill-definedness in the goals, initial conditions or allowable
transformations.” The implication is that designers will be designers, even when
they could be problem-solvers.

Goal Analysis

This ‘ill-behaved’ aspect of design behaviour has been noted even from the very
earliest formal studies. Eastman (1970), in the earliest recorded design protocol
study (of architectural design), found that: ‘One approach to the problem was con-
sistently expressed in all protocols. Instead of generating abstract relationships
and attributes, then deriving the appropriate object to be considered, the sub-
jects always generated a design element and then determined its qualities.” That
is to say, the designer-subjects jumped to ideas for solutions (or partial solutions)
before they had fully formulated the problem. This is a reflection of the fact that
designers are solution-led, not problem-led; for designers, it is the evaluation of
the solution that is important, not the analysis of the problem.

It is not just that problem-analysis is weak in design; even when problem
goals and constraints are known or defined, they are not sacrosanct, and design-
ers exercise the freedom to change goals and constraints, as understanding of the
problem develops and definition of the solution proceeds. This was a feature of
designer behaviour noted by Akin (1979) from his protocol studies of architects:
‘One of the unique aspects of design behaviour is the constant generation of new
task goals and redefinition of task constraints.” As Ullman et al. (1988) pointed out,
only some constraints are ‘given’ in a design problem; other constraints are ‘intro-
duced’ by the designer from domain knowledge, and others are ‘derived’ by the
designer during the exploration of particular solution concepts.
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The formulation of appropriate and relevant problem structures from theill-defined
problem of a design brief is not easy - it requires sophisticated skills in gathering
and structuring information, and judging the moment to move on to solution gen-
eration. Christiaans and Dorst (1992), from protocol studies of junior and senior
industrial design students, found that some students became stuck on informa-
tion gathering, rather than progressing to solution generation. Interestingly, they
found that this was not such a significant difficulty for junior students, who did not
gather a lot of information, and tended to ‘solve a simple problem’, being unaware
of a lot of potential criteria and difficulties. But they found that senior students
could be divided into two types. The more successful group, in terms of the creativ-
ity quality of their solutions, ‘asks less information, processes it instantly, and gives
the impression of consciously building up an image of the problem. They look for
and make priorities early on in the process.’ The other group gathered lots of infor-
mation, but for them ‘gathering data was sometimes just a substitute activity for
actually doing any design work’ (Cross et al., 1994).

A similar finding was reported by Atman et al. (1999), who found from their
protocol analysis studies of engineering students that, for novices (freshmen with
no design experience), ‘. . those subjects who spent a large proportion of their time
defining the problem did not produce quality designs.” However, with senior stu-
dents, Atman et al. did find that attention to ‘problem scoping’ (i.e., ‘adequately set-
ting up the problem before analysis begins’, including gathering a larger amount
and wider range of problem-related information) did result in better designs. As
with the industrial design students, some of the freshmen engineering students, it
seemed, simply became stuck in problem-definition and did not progress satisfac-
torily into further stages of the design process.

Solution Focusing

Many studies suggest that designers move rapidly to early solution conjectures, and
use these conjectures as means of exploring and defining problem-and-solution
together. This is not a strategy employed by all problem-solvers, many of whom
attempt todefine orunderstand the problem fully before making solution attempts.
This difference was observed by Lawson (1979), in his experiments on problem-
solving behaviour in which he compared scientists with architects. Designers are
solution-focused, unlike problem-focused scientists.

Lloyd and Scott (1994), from protocol studies of experienced engineering
designers, found that a solution-focused approach appeared to be related to the
degree and type of previous experience of the designers. They found that more
experienced designers used more ‘generative’ reasoning, in contrast to the deduc-
tive reasoning employed more by less-experienced designers. In particular, design-
ers with specific experience of the problem type tended to approach the design task
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through solution conjectures, rather than through problem analysis. Lloyd and
Scott concluded that: ‘It is the variable of specific experience of the problem type
that enables designers to adopt a conjectural approach to designing, that of fram-
ing or perceiving design problems in terms of relevant solutions.’

Co-evolution of Problem and Solution

Designers tend to use solution conjectures as the means of developing their under-
standing of the problem. Since ‘the problem’ cannot be fully understood in iso-
lation from consideration of ‘the solution’, it is natural that solution conjectures
should be used as a means of helping to explore and understand the problem for-
mulation. As Kolodner and Wills (1996) observed, from a study of senior student
engineering designers: ‘Proposed solutions often directly remind designers of
issues to consider. The problem and solution co-evolve.’

This interpretation of design as a co-evolution of solution and problem spaces
has also been proposed by others, and has been found by Cross and Dorst (1998)
in protocol studies of experienced industrial designers. They reported that: ‘The
designers start by exploring the [problem space], and find, discover, or recognise
a partial structure. That partial structure is then used to provide them also with a
partial structuring of the [solution space]. They consider the implications of the
partial structure within the [solution space], use it to generate some initial ideas
for the form of a design concept, and so extend and develop the partial structur-
ing... They transfer the developed partial structure back into the [problem space],
and again consider implications and extend the structuring of the [problem space].
Their goal ... is to create a matching problem-solution pair.’

Problem Framing

Designers are not limited to ‘given’ problems, but find and formulate problems
within the broad context of the design brief. This is the characteristic of reflective
practice identified by Schén (1983) as problem setting: ‘Problem setting is the pro-
cess in which, interactively, we name the things to which we will attend and frame
the context in which we will attend to them.’ This seems to characterise well what
has been observed of the problem formulation aspects of design behaviour. Design-
ers select features of the problem space to which they choose to attend (naming)
and identify areas of the solution space in which they choose to explore (framing).
Schon (1988) suggests that: ‘In order to formulate a design problem to be solved,
the designer must frame a problematic design situation: set its boundaries, select
particular things and relations for attention, and impose on the situation a coher-
ence that guides subsequent moves.’
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This kind of problem framing has been noted often in studies of architects. Lloyd
and Scott (1995), from their studies of (mostly senior-student) architects, reported
that: ‘In each protocol there comes a time when the designer makes a statement
that summarises how he or she sees the problem or, to be more specific, the struc-
ture of the situation that the problem presents.’ They referred to this ‘way of see-
ing the design situation’ as the designer’s ‘problem paradigm’. As with their earlier
studies of engineers, Lloyd and Scott found that the architects who had specific
prior experience of the problem type had different approaches from their less-expe-
rienced colleagues: the experienced architects’ approaches were characterised by
strong problem paradigms, or ‘guiding themes’. Cross and Clayburn Cross (1998)
have also identified, from interviews and protocol studies, the importance of prob-
lem framing, or the use of a strong guiding theme or principle, in the design behav-
iour of outstanding, expert engineering designers. Darke (1979) also reported from
interviews with outstanding architects that they used strong guiding themes as
‘primary generators’ for setting problem boundaries and solution goals.

Schon (1988) pointed out that ‘the work of framing is seldom done in one
burst at the beginning of a design process.’ This was confirmed in Goel and Pirolli’s
(1992) protocol studies of several types of designers (architects, engineers and
instructional designers). They found that ‘problem structuring’ activities not only
dominated at the beginning of the design task, but also re-occurred periodically
throughout the task.

Valkenburg and Dorst (1998) have attempted to develop and apply Schoén’s
theory of reflective practice into team design activity, through a study of student
industrial designers. In comparing a successful and an unsuccessful design team,
Valkenburg and Dorst stressed the importance of the teams’ problem framing.
They identified five different frames used sequentially by the successful team dur-
ing the project, in contrast to the single frame used by the unsuccessful team. The
unsuccessful team also spent much greater amounts of time on ‘naming’ activities
- i.e. on identifying potential problem features, rather than on developing solution
concepts.

Solution Generation

The solution-focused nature of designer behaviour appears to be appropriate
behaviour for responding to ill-defined problems. Such problems can perhaps
never be converted to well-defined problems, and so designers quite reasonably
adopt the more realistic strategy of finding a satisfactory solution, rather than
expecting to be able to generate an optimum solution to a well-defined problem.
However, this solution-focused behaviour also seems to have potential drawbacks.
One such drawback might be the ‘fixation’ effect induced by existing solutions.
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Fixation

A ‘fixation’ effect in design was suggested by Jansson and Smith (1991), who stud-
ied senior student and experienced professional mechanical engineers’ solution
responses to design problems. They compared groups of participants who were
given a simple, written design brief, with those that were given the same brief but
with the addition of an illustration of an existing solution to the set problem. They
found that the latter groups appeared to be ‘fixated’ by the example design, produc-
ing solutions that contained many more features from the example design than did
the solutions produced by the control groups. Jansson and Smith proposed that
such fixation could hinder conceptual design if it prevents the designer from con-
sidering all of the relevant knowledge and experience that should be brought to
bear on a problem. Designers may be too ready to re-use features of known existing
designs, rather than to explore the problem and generate new design features.

Purcell and Gero (1991,1993,1996) undertook a series of experiments to verify
and extend Jansson and Smith’s findings on fixation. They studied and compared
senior students in mechanical engineering and in industrial design. Early results
suggested that mechanical engineers appeared to be much more susceptible to
fixation than did industrial designers; the engineers’ designs were substantially
influenced by prior example designs, whereas the industrial designers appeared
to be more fluent in producing a greater variety of designs, uninfluenced by exam-
ples. Purcell and Gero suggested that this might be a feature of the different educa-
tional programmes of engineers and designers, with the latter being more encour-
aged to generate diverse design solutions. In a further development of the study,
however, Purcell and Gero explored engineers’ and designers’ responses when the
example design was an innovative rather than a routine prior solution. Here they
found that engineers became fixated in the traditional sense when shown a rou-
tine solution, i.e. incorporating features of the routine solution in their own solu-
tions, but became fixated on the underlying principle of the innovative solution, i.e.
producing new, innovative designs embodying the same principle. The industrial
designers, however, responded in similar ways under both conditions, generating
wide varieties of designs that were not substantially influenced by any of the prior
designs. Purcell and Gero therefore concluded that the industrial designers seem
to be ‘fixated on being different’, and that ‘fixation’ in design may exist in a number
of forms.

It is not clear that ‘fixation’ is necessarily a bad thing in design. As mentioned
above, Cross and Clayburn Cross (1998) have reported that outstanding expert
designers exhibit a form of ‘fixation’ on their problem frame, or on a guiding theme
or principle. Having established the ‘frame’ for a particular problem, these design-
ers can be tenacious in their pursuit of solution concepts that fit the frame. Simi-
lar observations have been reported also by Candy and Edmonds (1996), in their
study of an outstanding bicycle designer, and by Lawson (1994) in his studies of

104 DESIGNERLY WAYS OF KNOWING



outstanding architects. This tenacious fixation seems to be found often amongst
highly creative individuals.

Attachment to Concepts

Another form of ‘fixation’ that has been found to exist amongst designers is their
attachment to early solution ideas and concepts. Although designers change goals
and constraints as they design, they appear to hang on to their principal solution
concept for as long as possible, even when detailed development of the scheme
throws up unexpected difficulties and shortcomings in the solution concept.
Some of the changing of goals and constraints during designing is associated with
resolving such difficulties without having to start again with a major new concept.
For example, from case studies of professional architectural design, Rowe (1987)
observed that: ‘A dominant influence is exerted by initial design ideas on subse-
quent problem-solving directions... Even when severe problems are encountered, a
considerable effort is made to make the initial idea work, rather than to stand back
and adopt a fresh point of departure.’

The same phenomenon was observed by Ullman et al. (1988), in protocol stud-
ies of experienced mechanical engineering designers. They found that ‘designers
typically pursue only a single design proposal,” and that ‘there were many cases
where major problems had been identified in a proposal and yet the designer pre-
ferred to apply patches rather than to reject the proposal outright and develop a
better one.’ A similar observation was also made by Ball et al. (1994), from their
studies of senior students conducting ‘real-world’, final-year design projects in
electronic engineering: ‘When the designers were seen to generate a solution
which soon proved less than satisfactory, they actually seemed loath to discard the
solution and spend time and effort in the search for a better alternative. Indeed
the subjects appeared to adhere religiously to their unsatisfactory solutions and
tended to develop them laboriously by the production of various slightly improved
versions until something workable was attained.’

Ball et al. regarded this behaviour as indicating a ‘fixation’ on initial concepts,
and areliance on a simple ‘satisficing’ design strategy in contrast to any more ‘well-
motivated’ process of optimisation. They found it difficult to account for this appar-
ently unprincipled design behaviour. Nevertheless, adherence to initial concepts
and a satisficing strategy seem to be normal design behaviour. Guindon (1990b), in
a study of experienced software designers, found that ‘designers adopted a kernel
solution very early in the session and did not elaborate any alternative solutions in
depth. If designers retrieved alternative solutions for a sub-problem, they quickly
rejected all but one alternative by a trade-off analysis using a preferred evaluation
criterion.’ In a very early study of design teams engaged on R&D projects for the
space industry, Allen (1966) also found that preferred technical variants tended to
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become dominant early in a project, and that ‘Once a technical approach becomes
preferred over any other, it is not easily rejected. Furthermore, the longer it is in a
dominant position, the more difficult it becomes to reject.” But this is not neces-
sarily inappropriate design behaviour, because Allen found that the generation of
alternative approaches during a project tended to be associated with teams pro-
ducing poorer designs: ‘Groups producing higher rated solutions generated fewer
new approaches during the course of the project. There is some indication that
these arise when the favoured approach encounters difficulty, and may sometimes
be symptomatic of poorer performance on the part of the design team.’

However, in contrast to the ‘fixation’ findings reported above, in a study of
senior industrial engineering students, Smith and Tjandra (1998) found that the
quality of design solutions produced did appear to be dependent upon a willing-
ness to reconsider early concepts. They experimented with nine groups of four stu-
dents, undertaking an artificial design exercise based upon two-dimensional con-
figurations of coloured triangles supposed to have different functional properties.
Each member of a design team in the exercise played a different role (architect,
thermal engineer, structural engineer, and cost estimator). One of Smith and Tjan-
dra’s findings was that ‘The top three designs ... were the three groups that chose
to scrap their initial design and to start afresh with a new design concept.’ The suc-
cessful players of this particular design game therefore seemed to be ones who
were able and willing to overcome the possible fixation on an early concept. Per-
haps it is worth emphasising that this study was based on a role-playing game and
an artificial ‘design’ problem far removed from real-world design projects.

Generation of Alternatives

It may be that good designers produce good early concepts that do not need to be
altered radically during further development. Or that good designers are able to
modify their concepts rather fluently and easily as difficulties are encountered dur-
ing development, without recourse to exploration of alternative concepts. Either
way, it seems that designers are reluctant to abandon early concepts, and to gener-
ate ranges of alternatives. This does seem to be in conflict with a more ‘principled’
approach to design, as recommended by design theorists, and even to conflict with
the idea that it is the exploration of solution concepts that assists the designer’s
problem understanding. Having more than one solution concept in play should
promote a more comprehensive assessment and understanding of the problem.
Fricke (1993, 1996), from protocol studies of engineering designers, found
that both generating few alternative concepts and generating a large number of
alternatives were equally weak strategies, leading to poor design solutions. Where
there was ‘unreasonable restriction’ of the search space (when only one or a very
few alternative concepts were generated), designers became ‘fixated’ on concrete
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solutions too early. In the case of ‘excessive expansion’ of the search space (gener-
ating large numbers of alternative solution concepts), designers were then forced
to spend time on organising and managing the set of variants, rather than on care-
ful evaluation and modification of the alternatives. Fricke identified successful
designers to be those operating a ‘balanced search’ for solution alternatives

Fricke also found that the degree of precision in the problem as it was pre-
sented to the designers influenced the generation of alternative solution concepts.
When the problem was precisely specified, designers generated more solution var-
iants; whereas with an imprecise assignment (for the same design task), design-
ers tended to generate few alternative solution concepts. This perhaps indicates
that the more active problem-framing required for an imprecise assignment leads
more readily to preferred solution concepts. Designers given precise assignments
have less scope for problem-framing, and generate a wider range of solution con-
cepts in order to find a preferred concept.

Creativity

Designers themselves often emphasise the role of ‘intuition’ in the generation
of solutions, and ‘creativity’ is widely regarded as an essential element in design
thinking. Creative design is often characterised by the occurrence of a significant
event, usually called the ‘creative leap’. Recent studies of creative events in design
have begun to shed more light on this previously mysterious (and often mystified)
aspect of design.

Akin and Akin (1996) studied creative problem-solving behaviour first on a
classic problem where a form of ‘fixation’ normally prevents people from finding
a solution to the problem: the ‘nine-dots’ problem. (In this problem, nine dots are
arranged in a 3 x 3 square, and subjects are invited to join all nine dots by drawing
just four straight lines without lifting pen from paper. Subjects normally assume
that they have to draw within the implicit outline of the square, whereas the solu-
tion requires extending the lines to new vertices outside of the square.) They then
extended their study from the nine-dot problem into a study of a simple architec-
tural design problem, and compared the protocols of a non-architect and an expe-
rienced architect in tackling this problem. In these studies, Akin and Akin were
looking for cases of the ‘sudden mental insight’ (SMI) that is commonly reported in
cases of creative problem solving. They referred to the ‘fixation’ effect, such as the
implicit nine-dot square, as a ‘frame of reference’ (FR) that has to be broken out of
in order to generate creative alternatives. They suggested that a SMI occurs when a
subject perceives their own fixation within a standard FR, and simultaneously per-
ceives a new FR. The new FR also has to include procedures for generating a solu-
tion to the problem. The experienced architect had such procedural knowledge,
whereas the novice did not, and was not able to generate anything other than a
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very conventional solution. Akin and Akin conclude: ‘Realising a creative solution,
by breaking out of a FR, depends on simultaneously specifying a new set of FRs
that restructure the problem in such a way that the creative process is enhanced.
The new FRs must, at a minimum, specify an appropriate representational medium
(permitting the explorations needed to go beyond those of the earlier FRs), a design
goal (one that goes beyond those achievable within the earlier FRs), and a set of
procedures consistent with the representation domain and the goals.’

This seems to be similar to Schén’s concept of a ‘frame’ which permits and
encourages the designer to explore new design ‘moves’ and to reflect on the dis-
coveries arising from those moves. But ‘frames’ can clearly be negative concep-
tual structures, when they are inappropriate ‘fixations’, as well as positive, creative
structures.

Akin and Akin’s conclusions also resonate with the study by Cross (Chapter
4 in this volume) of the ‘creative event’ that occurred in a protocol study of team-
work in industrial design. The ‘little vacuum-formed tray’ concept appears to be
the equivalent of a ‘sudden mental insight’, offering a new, creative ‘frame of refer-
ence’ meeting Akin and Akin’s criteria, above.

It may be also that ‘creative leaps’ or ‘sudden mental insights’ are not so per-
sonal and idiosyncratic as has been promoted before. In protocol studies of experi-
enced industrial designers, Cross and Dorst (1998) observed that all nine subjects
reported the same ‘creative breakthrough’. All nine linked together the same pieces
of available information and used this as a basis for their solution concept. All nine
appeared to think that this was a unique personal insight.

Sketching

Several researchers have investigated the ways in which sketching helps to promote
creativity in design thinking. Sketching helps the designer to find unintended con-
sequences, the surprises that keep the design exploration going in what Schén and
Wiggins (1992) called the ‘reflective conversation with the situation’ that is charac-
teristic of design thinking. Goldschmidt (1991) called it the ‘dialectics of sketch-
ing’: a dialogue between ‘seeing that’ and ‘seeing as’, where ‘seeing that’ is reflec-
tive criticism and ‘seeing as’ is the analogical reasoning and reinterpretation of
the sketch that provokes creativity. Goel (1995) suggested that sketches help the
designer to make not only ‘vertical transformations’ in the sequential development
ofa design concept, butalso ‘lateral transformations’ within the solution space: the
creative shift to new alternatives. Goel referred especially to the ambiguity inherent
in sketches, and identified this as a positive feature of the sketch as a design tool.
It is not just formal or shape aspects of the design concept that are compiled
by sketching; they also help the designer to identify and consider functional and
other aspects of the design. Suwa, Purcell and Gero (1998) suggested that sketching
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serves at least three purposes: as an external memory device in which to leave ideas
as visual tokens, as a source of visuo-spatial cues for the association of functional
issues, and as a physical setting in which design thoughts are constructed in a type
of situated action. Although the above studies refer mostly to sketching in archi-
tectural design, Ullman et al. (1990) also studied and emphasised the importance
of sketching in mechanical engineering design, as have Kavakli et al. (1998) and
McGown et al. (1998) in respect of product design. Verstijnen et al. (1998) studied
differences between skilled sketchers (industrial design students) and unskilled
sketchers, and concluded that it was the skilled sketchers who benefited from the
externalisation of mental imagery.

Process Strategy

An aspect of concern in desigh methodology and related areas of design research
has been the many attempts at proposing systematic models of the design pro-
cess, and suggestions for methodologies or structured approaches that should
lead designers efficiently towards a good solution. However, most design in prac-
tice still appears to proceed in a rather ad-hoc and unsystematic way. Many design-
ers remain wary of systematic procedures that, in general, still have to prove their
value in design practice.

Structured Processes

It is not clear whether learning a systematic process actually helps student design-
ers. One study that has suggested that a systematic approach might be helpful to
studentswas that of Radcliffe and Lee (1989). They studied fourteen senior students
of mechanical engineering, working in small-groups (2-4) on a design project. In
analysing the results, Radcliffe and Lee computed linear regression analyses of the
subjects’ design process sequence in comparison to an idealised, structured pro-
cess of seven stages. They found that more ‘efficient’ processes (following closer to
the supposed ‘ideal’) correlated positively with both quantity and quality of the sub-
jects’ design output: ‘There was a positive correlation between the quality or effec-
tiveness of a design and the degree to which the student follows a logical sequence
of design processes.’

Fricke (1993, 1996) also studied a number of mechanical engineers, of vary-
ing degrees of experience and with varying exposures to education in systematic
design processes. He found that designers following a ‘flexible-methodical pro-
cedure’ tended to produce good solutions. These designers worked reasonably
efficiently and followed a fairly logical procedure, whether or not they had been
educated in a systematic approach. In comparison, designers with too-rigid adher-
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ence to a methodical procedure (behaving ‘unreasonably methodical’), or with very
un-systematic approaches, produced mediocre or poor design solutions. It seems
that, with or without an education in systematic design, designers need to exercise
sophisticated strategic skills.

The occurrence of some relatively simple patterns of design process activity
has often been suggested from anecdotal knowledge. For example, there has been
a broad assumption that designing proceeds in cycles of analysis-synthesis-evalu-
ation activities. Although such patterns of design process activity frequently have
been proposed or hypothesised, there has been little empirical confirmation.

McNeill et al. (1998) were able to confirm some of these basic patterns in a
study of electronics engineers, using subjects with varying degrees of experience,
from senior students to very experienced professionals. They were able to confirm
that, ‘In addition to the short-term cycles [of analysis-synthesis-evaluation], there
is a trend over the whole design episode to begin by spending most of the time ana-
lysing the problem, then mainly synthesising the solution and finishing by spend-
ing most time on the evaluation of the solution.” They also confirmed a supposed
progression through the design process from first considering required functions,
then structure of potential solutions, and then the behaviour of those solutions.
Their general, if unsurprising conclusion was that: ‘A designer begins a conceptual
design session by analysing the functional aspects of the problem. As the session
progresses, the designer focuses on the three aspects of function, behaviour and
structure, and engages in a cycle of analysis, synthesis and evaluation. Towards the
end of the design session, the designer’s activity is focused on synthesising struc-
ture and evaluating the structure’s behaviour.’

Opportunism

In contrast to studies that confirm the prevalence and relevance of fairly structured
design behaviour, there have also been reports of some studies that emphasised the
‘opportunistic’ behaviour of designers. This emphasis has been on designers’ devi-
ations from a structured plan or methodical process into the ‘opportunistic’ pur-
suit of issues or partial solutions that catch the designer’s attention. For example,
Visser (1990) made a longitudinal study of an experienced mechanical engineer,
preparing a design specification. The engineer claimed to be following a structured
approach, but Visser found frequent deviations from this plan. ‘The engineer had
a hierarchically structured plan for his activity, but he used it in an opportunistic
way. He used it only as long as it was profitable from the point of view of cogni-
tive cost. If more economical cognitive actions arose, he abandoned it.’ Thus, Visser
regarded reducing ‘cognitive cost’ - i.e. the cognitive load of maintaining a princi-
pled, structured approach - as a major reason for abandoning planned actions and
instead delving into, for example, confirming a partial solution at a relatively early
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stage of the process.

From protocol studies of three experienced software system designers, Guin-
don (1990a) also emphasised the ‘opportunistic’ nature of design activities. Guin-
don stressed that ‘designers frequently deviate from a top-down approach. These
results cannot be accounted for by a model of the design process where problem
specification and understanding precedes solution development and where the
design solution is elaborated at successively greater levels of detail in a top-down
manner.” Guindon observed the interleaving of problem specification with solu-
tion development, ‘drifting’ through partial solution development, and jumps into
exploring suddenly-recognised partial solutions, which she categorised as major
causes of ‘opportunistic solution development’. She also referred to ‘cognitive cost’
as one possible explanation for such behaviour: ‘Designers find it advantageous
to follow a train of thought temporarily, thus arriving at partial solutions at little
cognitive cost.’

Ball and Ormerod (1995) criticised a too-eager willingness to emphasise
‘opportunism’ in design activity. In their studies of expert electronics engineers
they found very few deviations from a top-down, breadth-first design strategy.
But they did find some significant deviations occurring, when designers made
a rapid depth-first exploration of a solution concept in order to assess its viabil-
ity. Ball and Ormerod did not regard such occasional depth-first explorations as
implying the abandonment of a structured approach. Instead, they suggested
that expert designers will normally use a mixture of breadth-first and depth-first
approaches: ‘Much of what has been described as opportunistic behaviour sits
comfortably within a structured top-down design framework in which designers
alternate between breadth-first and depth-first modes.” Ball and Ormerod were
concerned that ‘opportunism’ seemed to imply unprincipled design behaviour, ‘a
non-systematic and heterarchical process,” in contrast to the assumed ideal of a
systematic and hierarchical process. However, rather than regarding opportunism
asunprincipled design behaviour, Guindon had suggested it might be inevitable in
design: ‘These deviations are not special cases due to bad design habits or perfor-
mance breakdowns but are, rather, a natural consequence of the ill-structuredness
of problems in the early stages of design.” So it may be that we should not equate
‘opportunistic’ with ‘unprincipled’ behaviour in design, but rather that we should
regard ‘opportunism’ as characteristic of expert design behaviour.

Modal Shifts

An aspect of cognitive strategy that emerges from several studies is that, especially
during creative periods of conceptual design, designers alternate rapidly in shifts
of attention between different aspects of their task, or between different modes of
activity. Akin and Lin (1996), in their protocol study of an experienced engineer-
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ing designer, first identified the occurrence of ‘novel design decisions’ (NDDs).
These, in contrast to routine design decisions, are decisions that are critical to the
development of the design concept. Akin and Lin also segmented the designer’s
activities into three modes: drawing, examining and thinking. Then, allowing for
some implicit overlap or carry-over of the designer’s attention from one segment
to another, they represented the designer’s activities in terms of single-, dual- or
triple-mode periods. They found a significant correlation between the triple-mode
periods and the occurrence of the NDDs: ‘Six out of a total of eight times a novel
design decision was made, we found the subject alternating between these three
activity modes (examining-drawing-thinking) in rapid succession.”’ Akin and Lin are
cautious about drawing any inference of causality, concluding only that ‘Our data
suggest that designers explore their domain of ideas in a variety of activity modes ...
when they go beyond routine decisions and achieve design breakthroughs.’

Some studies of student designers have also noted the apparent importance
of frequent shifts of attention or activity mode in influencing either the creativity
or overall quality of the design concepts produced. For example, in their protocol
studies of junior and senior students of industrial design, Cross et al. (1994) seg-
mented the students’ activities into the three modes of gathering information,
sketching and reflecting. They suggested that the more successful students (in pro-
ducing creative design concepts) were those who showed evidence of rapid alter-
nation between the activity modes. Also, Atman et al. (1999), from their study of
freshmen and senior engineering design students, suggested that overall quality
of design concepts was related to rapid alternation of activities, which they meas-
ured as transitions between design steps such as gathering information, generat-
ing ideas and modelling.

Novices and Experts

Novice behaviour is usually associated with a ‘depth-first’ approach to problem
solving, i.e. sequentially identifying and exploring sub-solutions in depth, whereas
the strategies of experts are usually regarded as being predominantly top-down
and breadth-first approaches. But this may be too simplistic a view of the reality of
process strategy in design. Ball and Ormerod’s (1995) comments about top-down,
structured approaches versus ‘opportunism’ have been noted above. They con-
cluded that ‘it would be surprising if it is practicable for expert designers to adopt
a purely breadth-first or depth-first approach. Indeed, a flexible mixture of modes
is a more psychologically realistic control structure for expert design.” They sug-
gested that, whilst a depth-first approach minimises cognitive load, a breadth-first
approach minimises commitment and optimises design time and effort. Those
suggestions would also quite reasonably reflect the respective concerns and strate-
gies that we might expect of novices and experts.
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Many of the classic studies of expertise have been based on examples of game-play-
ing (e.g. chess), or on comparisons of experts versus novices in solving routine prob-
lems (e.g. physics). These are all well-defined problems, whereas designers char-
acteristically deal with ill-defined problems. Some studies of expertise in fields
such as creative writing and computer programming (Holyoak, 1991; Adelson and
Solway, 1988) where problems are more ill-defined, do suggest some parallels with
observations of expert designers. These studies suggest that some of the ‘standard’
results from studies of expertise do not match with results from studies of expertise
in creative domains. For example, creative experts will define the given task so that
it is problematic - i.e. deliberately treat it as ill-defined - which is contrary to the
assumption that experts will generally solve a problem in the ‘easiest’ way, or cer-
tainly with more ease than novices. In some ways, therefore, creative experts treat
problems as ‘harder’ problems than novices do. Creative experts are also reported
as solving similar tasks from first principles each time, rather than recalling previ-
ous solutions.

Goker (1997) compared novices and experts performing design-related prob-
lem-solving tasks - the computer-simulated construction of ‘machines’ from cata-
logues of parts, to achieve certain objectives. A particularly unusual aspect of this
study was the experimental method, based on the use of electro-encephalograph
(EEG) records. Goker found that experts (subjects skilled in the use of the compu-
ter simulation) used more of the visuo-spatial regions of their brains than did the
novices, who used more of their brain regions associated with verbal-abstract rea-
soning. The implication is that experts do not ‘reason’ towards a design concept in
an abstract way, but rely more on their experience and on visual information.

|ssues in Design Cognition

In this chapter I have surveyed awide range of empirical studies of design cognition,
and attempted to draw out some of the issues that have emerged in such studies. I
have taken a cross-disciplinary view, and looked for comparisons across the differ-
ent domains of professional design practice. There has been a number of striking
similarities identified in design activity, independent of professional domain, sug-
gesting that design cognition is indeed a domain-independent phenomenon.

I have concentrated on protocol and similar formalised methods of study, and
I have therefore omitted a wide range of other kinds of studies that also have rel-
evant and important contributions to make to the understanding of design cogni-
tion and the nature of design activity. Protocol analysis has some severe limitations
as a research method for investigating design activity. For instance, it is extremely
weak in capturing non-verbal thought processes, which are so important in design
work (Lloyd et al., 1995). Dorst and Cross (1997) concluded from the Delft Design
Protocols Workshop that protocol analysis provides a very valuable but highly spe-
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cific research technique, capturing a few aspects of design thinking in detail, but
failing to encompass many of the broader realities of design in context. Other kinds
of study, which attempt to capture a broader view, include detailed observation of
industrial practice, such as Frankenberger and Badke-Schaub (1998), and ethno-
graphic methods, such as Bucciarelli (1994). There has also been valuable histori-
cal work, such as Ferguson’s (1992) study of the role of drawing in engineering, and
significant theoretical contributions to identifying fundamental aspects of design
reasoning and logic, such as Roozenburg (1993).

The range and number of studies surveyed in this chapter suggest that the
field of empirical studies of design activity is continuing to grow, and a number of
shared issues has been identified. In many cases, these issues remain unresolved,
and there is therefore still considerable work to be done to establish a robust and
reliable understanding of design cognition.

Summary: Problem Formulation

Goal Analysis

Designers appear to be ‘ill-behaved’ problem solvers, in that they do not spend
much time and attention on defining the problem. However, this seems to be
appropriate behaviour, since some studies have suggested that over-concentra-
tion on problem definition does not lead to successful design outcomes. It appears
that successful design behaviour is based not on extensive problem analysis, but
on adequate ‘problem scoping’, and on a focused or directed approach to gather-
ing problem information and prioritising criteria. Setting and changing goals are
inherent elements of design activity.

Solution Focusing

Designers are solution-focused, not problem-focused. This appears to be a feature
of design cognition which comes with education and experience in designing. In
particular, experience in a specific problem domain enables designers to move
quickly to identifying a problem ‘frame’ and proposing a solution conjecture.

Co-evolution of Problem and Solution

The concept of ‘co-evolution’ of both the problem and its solution has been pro-
posed to describe how designers develop both aspects together in conceptual
stages of the design process. The designer’s attention oscillates between the two,
forming partial structurings of the two ‘spaces’ of problem and solution. Designing
appears to be an ‘appositional’ search for a matching problem-solution pair, rather
than a propositional argument from problem to solution.
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Problem Framing

Processes of structuring and formulating the problem are frequently identified as
key features of design activity. The concept of ‘problem framing’ perhaps seems
to capture best the nature of this activity. Successful, experienced and - especially
- outstanding designers are repeatedly found in various studies to be pro-active in
problem framing, actively imposing their view of the problem and directing the
search for solution conjectures.

Summary: Solution Generation

Fixation

‘Fixation’ seems to be a double-edged feature of design activity, in that it can lead
to conservative, routine design or — perhaps only when exercised by outstanding
designers - to creative, innovative design. There may be differences between educa-
tional programmes of engineers and industrial designers (and probably architects)
which lead engineers more readily to fixate on features of prior design solutions.

Attachment to Concepts

Designers become readily attached to single, early solution concepts and are reluc-
tant to abandon them in the face of difficulties in developing these concepts into
satisfactory solutions. This seems to be a weak feature of design behaviour, which
may be susceptible to change through education. However, trying to change the
‘unprincipled’ and ‘ill-behaved’ nature of conventional design activity may be
working against aspects that are actually effective and productive features of intui-
tive design cognition.

Generation of Alternatives

Generating awide range of alternative solution concepts is another aspect of design
behaviour which is recommended by theorists and educationists but appears not
to be normal design practice. Generating a very wide range of alternatives may not
be a good thing: some studies have suggested that a relatively limited amount of
generation of alternatives may be the most appropriate strategy.

Creativity

Creative thinking has tended to be regarded as mysterious, but new explanatory
descriptions of creativity in design are beginning to emerge from empirical stud-
ies. In particular, it no longer seems correct to promote the key feature of creative
design as dependent upon an intuitive, heroic ‘creative leap’ from problem to solu-
tion. Problem framing, co-evolution, and conceptual bridging between problem
space and solution space seem to be better descriptors of what actually happens
in creative design.
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Sketching

The key ‘tool’ to assist design cognition remains the traditional sketch. It seems
to support and facilitate the uncertain, ambiguous and exploratory nature of con-
ceptual design activity. Sketching is tied-in very closely with features of design cog-
nition, such as the generation and exploration of tentative solution concepts, the
identification of what needs to be known about the developing concept, and espe-
cially the recognition of emergent features and properties. Studies of the role of
sketching have all emphasised its inherent power as a design aid.

Summary: Process Strategy

Structured Process

Following a reasonably-structured process seems to lead to greater design success.
However, rigid, over-structured approaches do not appear to be successful. The
key seems to be flexibility of approach, which comes from a rather sophisticated
understanding of process strategy and its control.

Opportunism

‘Opportunistic’ behaviour sounds like another feature of the characteristically
‘unprincipled’, ‘ill-behaved’ activity of designers. As with some other aspects of
intuitive design behaviour, it may be that we should not equate ‘opportunistic’ with
‘unprincipled’ behaviour in design, but rather that we should regard ‘opportun-
ism’ as characteristic of expert design behaviour. The ‘cognitive cost’ of apparently
more principled, structured behaviour may actually be higher than can be reason-
ably sustained, or can be justified by quality of outcome.

Modal Shifts

It has been noticed in some studies that creative, productive design behaviour
seems to be associated with frequent switching of types of cognitive activity. There
is no clear explanation for this observation, but it may be related to the need to
make rapid explorations of problem and solution in tandem.

Novices and Experts

Conventional wisdom about the nature of problem-solving expertise seems often
to be contradicted by the behaviour of expert designers. In design education we
must therefore be very wary about importing models of behaviour from other
fields. Empirical studies of design activity have frequently found ‘intuitive’ features
of design behaviour to be the most effective and relevant to the intrinsic nature
of design. Some aspects of design theory, however, have tried to develop counter-
intuitive models and prescriptions for design behaviour. We still need a much bet-
ter understanding of what constitutes expertise in design, and how we might assist
novice students to gain that expertise.
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7. DESIGN AS A DISCIPLINE *

Iwould like to begin this chapter with a brief review of some of the historical con-
cerns with establishing a relationship between design and science. These con-
cerns emerged strongly at two important periods in the modern history of design:
in the 1920s, with a search for scientific design products, and in the 1960s, with a
search for scientific design process. The 40-year cycle in these concerns appears to
be coming around again, and we might expect to see the re-emergence of design-
science concerns in the 2000s.

A desire to ‘scientise’ design can be traced back to ideas in the 20th-Century
modern movement in design. For example, in the early 1920s, the De Stijl protago-
nist, Theo van Doesburg (1923) expressed this perception of a new spirit in art and
design: ‘Our epoch is hostile to every subjective speculation in art, science, technol-
ogy, etc. The new spirit, which already governs almost all modern life, is opposed
to animal spontaneity, to nature’s domination, to artistic flummery. In order to
construct a new object we need a method, that is to say, an objective system.’ A lit-
tle later, the architect Le Corbusier (1929) wrote about the house as an objectively-
designed ‘machine for living’: ‘“The use of the house consists of a regular sequence
of definite functions. The regular sequence of these functions is a traffic phenom-
enon. To render that traffic exact, economical and rapid is the key effort of modern
architectural science.’” In both of these comments, and throughout much of the
Modern Movement, we see a desire to produce works of art and design based on
objectivity and rationality, that is, on the values of science.

These aspirations to scientise design surfaced strongly again in the ‘design
methods movement’ of the 1960s. The Conference on Design Methods, held in
London in September, 1962 (Jones and Thornley, 1963) is generally regarded as
the event which marked the launch of design methodology as a subject or field of
enquiry. The desire of the new movement was even more strongly than before to
base design process (as well as the products of design) on objectivity and ration-
ality. The origins of this emergence of new design methods in the 1960s lay in the
application of novel, scientific and computational methods to the novel and press-
ing problems of the 2nd World War - from which came civilian developments
such as operations research and management decision-making techniques.

The 1960s was heralded as the ‘design science decade’ by the radical tech-
nologist Buckminster Fuller, who called for a ‘design science revolution’, based on
science, technology and rationalism, to overcome the human and environmental
problems that he believed could not be solved by politics and economics. From

* First presented as ‘Designerly Ways of Knowing: Design Discipline vs Design Science’
at the international conference Design+Research, Politecnico di Milano, Italy, 2000.
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this perspective, the decade culminated with Herbert Simon’s (1969) outline of ‘the
sciences of the artificial’ and his specific plea for the development of ‘a science of
design’ in the universities: ‘a body of intellectually tough, analytic, partly formaliz-
able, partly empirical, teachable doctrine about the design process.’

However, in the 1970s there emerged a backlash against design methodology
and arejection of its underlying values, notably by some of the early pioneers of the
movement. Christopher Alexander, who had originated a rational method for archi-
tecture and planning (Alexander, 1964), now said: ‘I've disassociated myself from
the field... There is so little in what is called “design methods” that has anything
useful to say about how to design buildings that I never even read the literature
anymore... [ would say forget it, forget the whole thing’ (Alexander, 1971). Another
leading pioneer, J. Christopher Jones (1977) said: ‘In the 1970s I reacted against
design methods. I dislike the machine language, the behaviourism, the continual
attempt to fix the whole of life into a logical framework.’

To put the quotations of Alexander and Jones into context it may be necessary
to recall the social/cultural climate of the late-1960s - the campus revolutions and
radical political movements, the new liberal humanism and rejection of conserva-
tive values. But also it had to be acknowledged that there had been a lack of success
in the application of ‘scientific’ methods to everyday design practice. Fundamental
issues were also raised by Rittel and Webber (1973), who characterised design and
planning problems as ‘wicked’ problems, fundamentally un-amenable to the tech-
niques of science and engineering, which dealt with ‘tame’ problems.

Nevertheless, design methodology continued to develop strongly, especially
in engineering and some branches of industrial design. (Although there may still
have been very limited evidence of practical applications and results.) The fruits of
this work emerged in a series of books on engineering design methods and meth-
odology in the 1980s. Just to mention some English-language ones, these included
Tjalve (1979), Hubka (1982), Pahl and Beitz (1984), French (1985), Cross (1989),
Pugh (1991).

Another significant development throughout the 1980s and into the 1990s
was the emergence of new journals of design research, theory and methodology.
Just to refer, again, to English-language publications, these included Design Studies
in 1979, Design Issues in 1984, Research in Engineering Design in 1989, the Jour-
nal of Engineering Design in 1990, Languages of Design in 1993 and the Design Jour-
nalin 1997.

Despite the apparent scientific basis (or bias) of much of their work, design
methodologists also sought from the earliest days to make distinctions between
design and science, as reflected in the following quotations.

Scientists try to identify the components of existing structures,
designers try to shape the components of new structures.
Alexander (1964)
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The scientific method is a pattern of problem-solving behaviour
employed in finding out the nature of what exists, whereas the
design method is a pattern of behaviour employed in inventing
things of value which do not yet exist. Science is analytic; design
is constructive. Gregory (1966)

There may indeed be a critical distinction to be made: method may be vital to
the practice of science (where it validates the results) but not to the practice of
design (where results do not have to be repeatable, and in most cases must not be
repeated, or copied). The Design Research Society’s 1980 conference on ‘Design:
Science:Method’ (Jacques and Powell, 1981) gave an opportunity to air many of
these considerations. The general feeling from that conference was perhaps that
it was time to move on from making simplistic comparisons and distinctions
between science and design; that perhaps there was not so much for design to learn
from science after all, and rather that perhaps science had something to learn from
design. Cross et al. (1981) claimed that the epistemology of science was, in any
case, in disarray, and therefore had little to offer an epistemology of design. Glynn
(1985) later suggested that ‘it is the epistemology of design that has inherited the
task of developing the logic of creativity, hypothesis innovation or invention that
has proved so elusive to the philosophers of science.’

Despite several attempts at clarification (see de Vries, Cross and Grant, 1993),
there remains some confusion about the design-science relationship. Let us at
least try to clarify three different interpretations of this concern with the relation-
ship between science and design: (a) scientific design, (b) design science, and (c) a
science of design.

Scientific Design

As I noted above, the origins of design methods lay in ‘scientific’ methods, similar
to decision theory and the methods of operational research. The originators of the
‘design methods movement’ also realised that there had been a change from the
craftwork of pre-industrial design to the mechanisation of industrial design — and
perhaps some even foresaw the emergence of a post-industrial design. The reasons
advanced for developing new methods were often based on the assumption that
modern, industrial design had become too complex for intuitive methods.

The first half of the twentieth century had seen the rapid growth of scientific
underpinnings in many types of design - e.g. materials science, engineering sci-
ence, building science, behavioural science. One view of the design-science rela-
tionship is that, through this reliance of modern design upon scientific knowledge,
through the application of scientific knowledge in practical tasks, design ‘makes
science visible’ (Willem, 1990).
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So we might agree that scientific design refers to modern, industrialised design - as
distinct from pre-industrial, craft-oriented design — based on scientific knowledge
but utilising a mix of both intuitive and non-intuitive design methods. ‘Scientific
design’ is probably not a controversial concept, but merely a reflection of the reality
of modern design practice.

Design Science

‘Design Science’ was a term perhaps first used by Buckminster Fuller, but it
was adapted by Gregory (1966) into the context of the 1965 conference on ‘The
Design Method’. The concern to develop a design science thus led to attempts
to formulate the design method - a single rationalised method, as ‘the scientific
method’ was supposed to be. Others, too, have had the development of a ‘design
science’ as their aim; for example, Hubka and Eder (1987), originators of the
Workshop Design Konstruction (WDK) and a major series of international confer-
ences on engineering design (ICED), also formed ‘The International Society for
Design Science’. Earlier, in Germany, Hansen (1974) had stated the aim of design
science as being to ‘recognize laws of design and its activities, and develop rules’.
Thiswould seem to be design science constituted simply as ‘systematic design’ - the
procedures of designing organized in a systematic way. Hubka and Eder regarded
this as a narrower interpretation of design science than their own, which was:
‘Design science comprises a collection (a system) of logically connected knowledge
in the area of design, and contains concepts of technical information and of design
methodology... Design science addresses the problem of determining and catego-
rizing all regular phenomena of the systems to be designed, and of the design pro-
cess. Design science is also concerned with deriving from the applied knowledge
of the natural sciences appropriate information in a form suitable for the design-
er’s use.’ This definition extends beyond ‘scientific design’, in including systematic
knowledge of design process and methodology as well as the scientific/technologi-
cal underpinnings of design of artefacts.

So we might conclude that design science refers to an explicitly organised,
rational and wholly systematic approach to design; not just the utilisation of sci-
entific knowledge of artefacts, but design in some sense a scientific activity itself.
This is certainly a controversial concept, challenged by many designers and design
theorists. As Grant (1979) wrote: ‘Most opinion among design methodologists and
among designers holds that the act of designing itself is not and will not ever be
a scientific activity; that is, that designing is itself a non-scientific or a-scientific
activity.’
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Science of Design

However, Grant also made it clear that ‘the study of designing may be a scientific
activity; that is, design as an activity may be the subject of scientific investigation.’
There remains some confusion between concepts of design science and of a sci-
ence of design, since a ‘science of design’ seems to imply (or for some people has
an aim of) the development of a ‘design science’. But the concept of a science of
design has been clearly stated by Gasparski and Strzalecki (1990): ‘The science of
design (should be) understood, just like the science of science, as a federation of
subdisciplines having design as the subject of their cognitive interests’.

In this latter view, therefore, the science of design is the study of design -
something similar towhat I have elsewhere defined ‘design methodology’ to be; the
study of the principles, practices and procedures of design. For me, design meth-
odology ‘includes the study of how designers work and think, the establishment of
appropriate structures for the design process, the development and application of
new design methods, techniques and procedures, and reflection on the nature and
extent of design knowledge and its application to design problems’ (Cross, 1984).
The study of design leaves open the interpretation of the nature of design.

So let us agree here that the science of design refers to that body of work which
attempts to improve our understanding of design through ‘scientific’ (i.e., system-
atic, reliable) methods of investigation. And let us be clear that a ‘science of design’
is not the same as a ‘design science’.

Design as a Discipline

Donald Schon (1983) explicitly challenged the positivist doctrine underlying much
of the ‘design science’ movement, and offered instead a constructivist paradigm.
He criticised Simon’s ‘science of design’ for being based on approaches to solv-
ing well-formed problems, whereas professional practice throughout design and
technology and elsewhere has to face and deal with ‘messy, problematic situa-
tions’. Schon proposed instead to search for ‘an epistemology of practice implicit
in the artistic, intuitive processes which some practitioners do bring to situations
of uncertainty, instability, uniqueness, and value conflict,” and which he character-
ised as ‘reflective practice’. Schon appeared to be more prepared than his positivist
predecessors to put trust in the abilities displayed by competent practitioners, and
to try to explicate those competencies rather than to supplant them. This approach
has been developed particularly in the series of workshops and conferences known
as the ‘Design Thinking Research Symposia’, beginning in 1991 (Cross, et al., 1992).

Despite the positivist, technical-rationality basis of The Sciences of the Artifi-
cial, Simon (1969) did propose that ‘the science of design’ could form a fundamen-
tal, common ground of intellectual endeavour and communication across the arts,
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sciences and technology. What he suggested was that the study of design could be
an interdisciplinary study accessible to all those involved in the creative activity of
making the artificial world (which effectively includes all mankind). For example,
Simon wrote that: ‘Few engineers and composers ... can carry on a mutually reward-
ing conversation about the content of each other’s professional work. What I am
suggesting is that they can carry on such a conversation about design, can begin to
perceive the common creative activity in which they are both engaged, can begin to
share their experiences of the creative, professional design process.’

This, it seems to me, is the challenge for a broad and catholic approach to
design research - to construct a way of conversing about design that is at the same
time both interdisciplinary and disciplined. We do not want conversations that
fail to connect between sub-disciplines, that fail to reach common understanding,
and that fail to create new knowledge and perceptions of design. It is the paradoxi-
cal task of creating an interdisciplinary discipline. Design as a discipline, rather
than design as a science. This discipline seeks to develop domain-independent
approaches to theory and research in design. The underlying axiom of this disci-
pline is that there are forms of knowledge peculiar to the awareness and ability of
a designer, independent of the different professional domains of design practice.
Just as the other intellectual cultures in the sciences and the arts concentrate on
the underlying forms of knowledge peculiar to the scientist or the artist, so we must
concentrate on the ‘designerly’ ways of knowing, thinking and acting.

Many researchers in the design world have been realising that design prac-
tice does indeed have its own strong and appropriate intellectual culture, and that
we must avoid swamping our design research with different cultures imported
either from the sciences or the arts. This does not mean that we completely ignore
these other cultures. On the contrary, they have much stronger histories of enquiry,
scholarship and research than we have in design. We need to draw upon those his-
tories and traditions where appropriate, whilst building our own intellectual cul-
ture, acceptable and defensible in the world on its own terms. We have to be able
to demonstrate that standards of rigour in our intellectual culture at least match
those of the others.

Design Research

At the 1980 ‘Design: Science: Method’ conference of the Design Research Society,
Archer (1981) gave a simple but useful definition of research, which is that
‘Research is systematic enquiry, the goal of which is knowledge’. Our concern in
design research has to be the development, articulation and communication of
design knowledge. Where do we look for this knowledge? I believe that it has three
sources: people, processes and products.

Design knowledge resides firstly in people: in designers especially, but also in
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everyone to some extent. Designing is a natural human ability. Other animals do
not do it, and machines (so far) do not do it. We often overlook the fact that people
are naturally very good at design. We should not underplay our abilities as design-
ers: many of the most valued achievements of humankind are works of design,
including anonymous, vernacular design as well as the ‘high design’ of professionals.

One immediate subject of design research, therefore, is the investigation of
this human ability - of how people design. This suggests, for example, empirical
studies of design behaviour, but it also includes theoretical deliberation and reflec-
tion on the nature of design ability. It also relates strongly to considerations of how
people learn to design, to studies of the development of design ability in individu-
als and how that development might best be nurtured in design education.

Design knowledge resides secondly in processes: in the tactics and strate-
gies of designing. A major area of design research is methodology: the study of the
processes of design, and the development and application of techniques which
aid the designer. Much of this research revolves around the study of modelling for
design purposes. Modelling is the ‘language’ of design. Traditional models are the
sketches and drawings of proposed design solutions, but which in contemporary
terms now extend to ‘virtual reality’ models. The use of computer-based models
has stimulated a wealth of research into design processes.

Thirdly, we must not forget that design knowledge resides in products them-
selves: in the forms and materials and finishes which embody design attributes.
Much everyday design work entails the use of precedents or previous exemplars
- not because of laziness by the designer but because the exemplars actually con-
tain knowledge of what the product should be. This is certainly true in craft-based
design: traditional crafts are based on the knowledge implicit within the object
itself of how best to shape, make and use it. This is why craft-made products are
usually copied very literally from one example to the next, from one generation to
the next.

As with the design knowledge that resides in people, we would be foolish to
disregard or overlook this informal product knowledge simply because it has not
been made explicit yet - that is a task for design research. So too is the develop-
ment of more formal knowledge of shape and configuration - theoretical studies
of design morphology. These may be concerned as much with the semantics as
with the syntax of form, or may be concerned with prosaic matters of efficiency and
economy, or with relationships between form and context - whether ergonomics or
environment.

My own taxonomy of the field of design research would therefore fall into
three main categories, based on people, process and products:

+ design epistemology - study of designerly ways of knowing
+ design praxiology - study of the practices and processes
of design
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+ design phenomenology - study of the form and configura-
tion of artefacts

What has been happening in the field of design research is that there has been a
growing awareness of the intrinsic strengths and appropriateness of design think-
ing within its own context, of the validity of a form of ‘design intelligence’. There
has been a growing acceptance of design on its own terms, a growing acknowledge-
ment and articulation of design as a discipline. We have come to realise that we
do not have to turn design into an imitation of science; neither do we have to treat
design as a mysterious, ineffable art. We recognize that design has its own distinct
intellectual culture.

But there is also some confusion and controversy over the nature of design
research. I believe that examples of ‘best practice’ in design research have in com-
mon the following characteristics, which I have borrowed and adapted from lec-
ture notes by Bruce Archer.

Good research is:

Purposive based on identification of an issue or problem worthy and
capable of investigation

Inquisitive seeking to acquire new knowledge

Informed conducted from an awareness of previous, related research

Methodical planned and carried out in a disciplined manner

Communicable generating and reporting results which are testable and

accessible by others

These characteristics are normal features of good research in any discipline. I do
not think that such normal criteria inhibit or preclude research that is ‘design-
erly’ in its origins and intentions. However, they would exclude works of so-called
research that fail to communicate, are undisciplined or ill-informed, and therefore
add nothing to the body of knowledge of the discipline.

We also need to draw a distinction between works of practice and works of
research. I do not see how normal works of practice can be regarded as works of
research. The whole point of doing research is to extract reliable knowledge from
either the natural or artificial world, and to make that knowledge available to oth-
ers in re-usable form. This does not mean that works of design practice must be
wholly excluded from design research, but it does mean that, to qualify as research,
there must be reflection by the practitioner on the work, and the communication of
some re-usable results from that reflection.

One of the dangers in this new field of design research is that researchers from
other, non-design, disciplines will import methods and approaches that are inap-
propriate to developing the understanding of design. Researchers from psychol-
ogy or computer science, for example, have tended to assume that there is ‘nothing
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special’ about design as an activity for investigation, that it is just another form of
‘problem solving’ or ‘information processing’. However, developments in artificial
intelligence and other computer modelling in design have perhaps served mainly
to demonstrate just how high-level and complex is the cognitive ability of design-
ers, and how much more research is needed to understand it. Better progress
seems to be made by designer-researchers, and for this reason the recent growth
of conferences, workshops and symposia, featuring a new generation of designer-
researchers, is proving extremely useful in developing the methodology of design
research. As design grows as a discipline with its own research base, so we can hope
that there will be a growth in the number of emerging designer-researchers.

Another of the dangers is that researchers adhere to underlying paradigms
of which they are only vaguely aware. We need to develop this intellectual aware-
ness within our community. An example of developing this awareness is the work
of Dorst (1997), in making an explicit analysis and comparison of the paradigms
underlying the approach of Herbert Simon, on the one hand, and Donald Schén
on the other. Simon’s positivism leads to a view of design as ‘rational problem solv-
ing’, and Schon’s constructivism leads to a view of design as ‘reflective practice’.
These two might appear to be in conflict, but Dorst’s use of the two paradigms in
analysing design activity leads him to the view that the different paradigms have
complementary strengths for gaining an overview of the whole range of activities
in design.

We are still building the appropriate paradigm for design research. I have
made it clear that my personal ‘touch-stone’ theory for this paradigm is that there
are ‘designerly ways of knowing’. I believe that building such a paradigm will be
helpful, in the long run, to design practice and design education, and to the broader
development of the intellectual culture of our world of design.
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