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What are the mental processes of design thinking? How do different
designers vary in their ability and skills? How do the powers and limitations
of human thinking interact with the nature of design problems to shape the
processes of designing? Some people claim design should proceed very
analytically and rationally. Others emphasise the intuitive aspects of designing.
This depends largely on the design task undertaken and the product that is
designed. But it is also a question of how designers think and what they
are thinking about. Experts can be more effective because they have different
strategies from novices. Understanding how designing works as a human
activity can be useful in understanding the causal connections in design
processes, and for changing design processes in ways that exploit and enhance
designers’ abilities and take account of human limitations.

There is a large and increasing body of research on how designers think.
This chapter does not attempt to survey it. Instead we concentrate on the
relationship between design thinking and how designers interact with the
representations that they generate in creating and reasoning about designs,
such as sketches, diagrams and CAD models.While this is only one facet
of the psychological factors that influence design processes, it is directly
affected by changes to design processes, and influences the success of those
changes.

A psychological perspective
In this chapter we discuss design from our perspective as cognitive and
organisational psychologists. Design activities have been analysed and studied
in great detail, both in laboratory experiments and in field observations.
The experimental approach means that a phenomenon can be studied in
detail and any confounding factors can be eliminated, thereby allowing
causal conclusions.The difficulty is that it often remains an open question
whether the results can be generalised to designing in the ‘real world’ of
a company.Also, a lot of research has focused on a small number of pheno-
mena which can be studied comparatively easily, such as observations of
sketching, but are not necessarily important to all types of design.Therefore,
some researchers have argued that it is equally important to carry out field
studies in the workplace.The danger with this approach is that all the results
ever do is provide a description without any theoretically founded explanation
or intervention.

We have included both types of research in the evidence we report.
Psychological researchers have often shied away from studying complex

8.2 Reducing the rumble in a jet
engine combustor. These low-frequency
noises arise from subtle details in the shape
of the combustor and the details of the
combustion process. A few rumble experts
know what changes to make, while other
jet engine designers see this as a black art.
Reproduced with the kind permission of
Rolls-Royce plc

8.1 Generating a mesh for a finite
element stress analysis. Experienced
engineers estimate the value the analysis
should produce and set the meshing points
correctly. Less experienced engineers set the
points almost at random and often don't
recognise when the analysis result is out by
an order of magnitude.
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activities in natural contexts, because they are too open-ended, and the
volume of data overwhelms methods that give insight into finer-grained
thinking processes in small-scale experiments.This can make research results
difficult to relate to complex industrial situations, but observations are a
valuable source of insights.

Researchers view design from a variety of theoretical perspectives.
Information processing psychologists aim to understand how the mind
works in terms of the mechanisms of mental processing, and how relat-
ively simple mental operations combine to create complex behaviour.
This includes seeking to understand the structure and content of mental
representations – our internal descriptions of things outside ourselves
(real, or possible, or impossible). In information processing psychology,
other people are sources of sensory inputs. In social interactions, the content
of our mental representations of the environment, goals and actions is
different from what it is in solitary problem solving, but the mechanisms
are the same.

Activity theory aims to understand human action in its cultural and
historical context.The use of external representations for communication
is a general psychological process: the symbols of language and the arte-
facts we create mediate between the individuals’ minds and the task they
are trying to achieve (Vygotsky, 1962) (Figure 8.4).Through these repres-
entations we can all access and contribute to our shared culture: language,
received wisdom, historical artefacts and classical designs all form part of
our common understanding of the task and influence design (Leont’ev,
1978). Design thinking means internalising what we see and externalising
to others what we think. Only if mental representations are externalised
can they become accessible to others.These external representations may in
turn foster a shared mental model of the design object (Figure 8.5).

Sociological design researchers, such as Minneman (1991), Bucciarelli
(1994), Glock (1998) and Henderson (1999), come from a research tradition
that views the development of shared understanding as fundamentally
problematic.They focus on how meaning gets communicated, in terms of
the content of the talking, sketching, gesturing, exchange of documents
and so on that comprise communication.The difficulties inherent in achieving
a shared understanding of design problems and design solutions shape the
interactions and working practices of designers, and understanding how and
how far it does happen is a profound challenge for sociology, psychology
and philosophy.

8.3 Reasoning about change
propagation. Some engineers think
through the sequences of connections
between components, struggling to
incorporate multiple propagation paths,
while others reason by analogy to problem
they have encountered with similar designs
in the past.
© Perkins Engines Company Limited

8.4 Representations mediate
between the designer's intentions
and the object they design

Designer Task, object

Representations
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Overview
The next section discusses how designers use graphic representations and
models during their work and how this affects individual thinking and
interactions with others.The following sections provide a more detailed
explanation of the underlying mental processes, including: discussion of
how designers form and use mental models of their designs; a description
of some types of mental action that are characteristic of designing and a
characterisation of expertise and skilled behaviour in design; discussion of
some of the special characteristics of creative thinking; and some issues to
think about in considering representations in new processes and methods,
where the properties of representations can be usefully analysed using
Green’s (1989) cognitive dimensions framework.

The role of mental and physical representations in design 
Understanding human thinking involves understanding how we create mental
representations though the interaction of what we perceive and what we
know, and how we use mental representations, both in tandem with direct
perception of external things and independently (Figure 8.6). How designers
work depends crucially on the interaction between their mental abilities and
the representations in which they conceive, describe and communicate
design ideas. New methods, procedures and computer tools require designers
to represent design information differently and think about old problems in
new ways. Effective choices of representations enable designers to use new
methods and tools rather than struggle to work around their limitations.

Potentially
shared

representation

External
representations A

Design community,
discipline,

object world

External
representations B

Design community,
discipline,

object world

Designer, team A Designer, team B

8.5 Building shared representations

External representation

Concrete

Mental representation

Concrete

Abstract

Abstract

8.6 External representations vs
mental representations
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Effective combinations of representations can facilitate thinking fluently
about design problems in a wider variety of alternative conceptual terms.
(The design of tools and methods also demands careful consideration of
task demands, to minimise effort and, where appropriate, to stimulate
creative thinking). Designing involves both abstract and concrete thinking.
Depending on the tasks and individual preferences, designers think about
underlying physical principles, functional features or the concrete form of
their design object, often in rapid alternation.

Variety of use of representations
Engineers use different types of representation depending on the task. Besides
geometry they have to consider functional requirements and structural
constraints, as well as information about the characteristics of components,
materials, performance, construction processes and so on.

Eckert et al. (2004) observed and interviewed 20 helicopter design
engineers about the representations that they used. Sketches were often used
to generate or communicate ideas in early design phases. Many engineering
tasks were not concerned with the creation of geometry directly but with
function or performance. Engineers involved in these types of tasks typically
did not use pictorial sketches.Avionics engineers sketched blobs and lines to
outline the components and connectivity of systems. Software packages
played a larger role in numerical modelling of stress or heat, and designers
used the colour coding of the resulting diagrams tacitly to reason about
shape. Rapid prototyping and testing complemented the computational
analysis. More abstract representations, such as performance diagrams or
matrices, were used to analyse the functionality or the relationship between
parts or describe the connectivity.

Understanding the organisation of complex systems involves abstracting
away from the form and detailed operation of individual components to
focus on skeletal representations of what they do and how they are connected.
A variety of notations have been developed for showing functional and
causal relationships between abstract representations of design elements, as
graphs (such as Petri nets and Bond graphs) and as tables.

Design research has focused on sketches of geometric form as a medium
for generating ideas and communicating them.The following discussion will
therefore use sketching to illustrate more general features of design cognition.
Similar issues also apply to the representation of design processes, which are
discussed in Chapter 2 on design process planning.

Designing involves both
abstract and concrete
thinking.

Sketches are often used
to generate or communi-
cate ideas in early design
phases.
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Representations support individual design problem solving
External media function as a way to unburden working memory for complex
operations so that the designers can see their design ideas and thus have less
need for accurate memories of their earlier thoughts.As we describe in the
next section, the external representations function as cues for recalling and
reconstructing elements of mental representations. Being able to transform
mental representations into physical shape by sketching is for many designers
a way of ‘thinking with their hands’. For many designers, especially in early
conceptual design or creative problem solving, design thinking is inseparable
from physical action to create external representations; so, for them, sketching
is generating ideas not describing ideas. Sketching, therefore, has an immediacy
that other media do not have. Sachse and Hacker (1997) found that, when
instructed to use sketching while designing on a CAD system, engineering
students produce better solutions in the same time as the control group who
only used the CAD system.

Schön (1983) influentially described designing as a dialogue between the
designer and the sketch, in which the evolving sketch suggests interpretations
of the design beyond what the designer intended to draw. Perception of
sketches alternates between seeing as and seeing that (Schön and Wiggins, 1992;
Goldschmidt, 1991); Goldschmidt (1991) observed designing progressing
as an alternation between pictorial and non-pictorial reasoning.A common
thread in research on sketching in design is that designers reinterpret ambig-
uous sketch elements to suggest new possibilities (see Purcell and Gero (1998)
for a review). Engineers use sketches as representations of their mental concepts
but sometimes also attribute a different meaning to the lines and see them as
something else (Pache et al., 2001).This reinterpretation of ambiguous sketches
can serve as a means for stimulating creative, non-intended ideas, often trig-
gered by dissatisfaction with the current design (McFadzean et al, 1999). New
concepts or requirements can enable designers to re-examine sketch features
from a new perspective (Suwa et al, 1999).

Joint designing and development of shared understanding
Engineering design is a collaborative activity: not only do designers engaged
in different tasks need to exchange information and coordinate their activities,
but, also, a lot of important decisions are made in meetings or informal
discussions (Bucciarelli, 1994; Badke-Schaub et al., 2001), and designs are
sometimes created jointly. Design teams use a variety of shared artefacts.
Rather than writing lengthy verbal descriptions, some designers generate

8.7 An example of an engineering
sketch. Engineers like to sketch when
they are solving problems. These sketches
are often generated in meetings or brought
to meetings as illustrations. Different inter-
pretations can lead to different views of the
problem. Engineers need to reach a shared
understanding or risk costly changes later
(reproduced with permission –  Lauche et
al., 1999).
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largely non-annotated graphical representations (Weber et al., 1999). During
video-conferencing with limited bandwidth they give preference to seeing
drawings rather than their colleagues’ faces (Weber et al., 1999). Minneman
(1991) describes designers negotiating through proposal and counter-
proposal for mutual understanding as much as agreement, and has argued
that ambiguity in sketches has a beneficial effect in suggesting new ideas in
design meetings. However, it is provisionality in design representations
rather than ambiguity that matters: how strongly someone is committed to
a proposal, the degree of precision intended, whether details are meant
seriously or represent qualitative categories.The challenge lies in signalling
provisionality while avoiding misinterpretation. Designers can signal pro-
visionality in sketches relatively easily by degree of apparent roughness, but
sketches are easy to misunderstand, especially when the creator cannot be
consulted (Stacey and Eckert, 2003).

Designers often fail to recognise that the resulting problems are comm-
unication problems (Eckert, 2001). Finished-looking graphic representations
are often interpreted as more fixed than is intended or appropriate. For
instance, designers are more ready to modify and change a joint representation
when it is drawn by hand on a flipchart or electronic white board, rather
than a spreadsheet or professional presentation (Kunz et al., 2001). In meetings,
designers use speech, sketches and gestures in combination to disambiguate
each other, and signal how far decisions are open or negotiable, through
subtleties of phrasing and tone of voice (Minneman, 1991; Neilson and
Lee, 1994; Brereton et al., 1996; Glock, 1998).These signals are missed by
those who communicate across distances.

Communicating across object worlds 
Communication between members of design teams can involve subtle
problems when different specialists have mental representations of designs
and design problems that comprise differing concepts, objects, features,
properties and relationships – what Bucciarelli (1994) terms their object
worlds. Members of design teams with different fields of interest and respons-
ibility share and exchange sketches, diagrams, specifications, CAD models
and so on, but interpret them differently.

Reading representations is a learned skill, and the mappings between
the elements of sketches or diagrams and descriptions and what they stand
for depend on the conventions of a community as well as any geometric
resemblance (Henderson, 1999). Similarly, terms for concepts can mean

8.8 A much-praised computer tool
for mass customisation. The Web
interface allows customers to pick the
material from a range of tarpaulins and
make their own cutting patterns for their
choice of bag. Image www.freitag.ch
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different things to different people (for instance Bucciarelli (1994, ch. 6)
discusses the different meanings placed on the term ‘module voltage’ by the
members of a team designing a photovoltaic generator).

Design researchers term the objects such as sketches and CAD models that
are shared by different participants in a design process, and which convey
information between them, boundary objects (Star, 1989; Bucciarelli, 1994).
That is, objects that enable communication between object worlds, so that
the inhabitants of the different object worlds have compatible understandings
of the state of the design.

Mental representations
Although thinking usually involves direct interaction with one’s environment,
it happens in one’s head: sensory perceptions create mental descriptions of
what is out there – mental representations – which depend on one’s mem-
ories.These mental representations trigger the direction of attention, the recall
of memories, conscious reasoning and goal setting, the imaginative synthesis
of mental representations of possible situations, and physical actions. In this
section we outline how designers’ mental representations of designs and design
problems work, and how this governs the ways they use external represen-
tations such as sketches to cope with the size and complexity of design tasks.

Types of information
Humans have consciously accessible memories for three distinct types of
information (Figure 8.9): visuospatial information, in which shape and extent,
and sometimes movement, is inherent; propositional information that can be
described in statements, and episodic information that is inherently experiential
and time dependent. Designers’ mental representations of designs combine
visuo-spatial and propositional information (Goldschmidt, 1991). Episodic
memory can play a role in envisioning how a design is used (Schön, 1988).

Mental models
Mental models are representations of the form and properties of physical
objects (or other kinds of systems with causally connected components),
with which people envision their behaviour, to understand what the objects
or systems do or predict what they will do (Johnson-Laird, 1983).The users
of interactive computer systems and other consumer products form mental
models of how they work, which often differ markedly from their designers’
mental models of how they work (Norman, 1988).

In
focal

awareness
(working
memory)

Consciously accessible memories
in long term memory

Episodic
information

Propositional
information

Visuospatial
information

8.9 Types of information
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People think about how physical systems behave through a combination
of reasoning with consciously articulated propositional beliefs, and imagining
changes in visuospatial forms and relationships.The relationships between
the structure of physical systems and how they act and change are partly
learned tacitly through experience of the world and encoded in visuospatial
or kinaesthetic form.Tacit beliefs about how objects move can be wrong
and misleading, and can often persist through quite a lot of education
(Figure 8.10; McCloskey, 1983).

Relationships between form and behaviour are also partly learned
consciously, from verbal descriptions of physical principles. DiSessa (1983,
1993) describes people reasoning about how physical systems behave by
recalling and applying what he terms p-prims (for phenomenological
primitives): elemental causal or explanatory relationships that appear to fit
particular situations. As people learn more about physics, they learn new
p-prims and alter the priority with which they recall them and apply them.
Mental models of all but the simplest systems are invariably incomplete
and unstable (Norman, 1983), and people may have multiple mental models
of an object or system, which are not necessarily compatible.The users of
interactive devices may use both models of the structure and causal processes
within a device, and models of how it behaves in response to inputs – what
Young (1983) called a task-action mapping model (Norman, 1988).
Engineers reason about the characteristics of a variety of different abstractions
of designs, for which they have different mental models, and construct
models of these abstractions in explicit external form to perform different
kinds of analyses (Hoover et al., 1991).

Working memory
Reasoning about the behaviour of complex physical systems is limited by the
capacity of working memory – what we currently hold in conscious attention.
Humans can switch the focus of conscious attention extremely quickly, but
it is impossible to hold all the components of a complex design and their
relationships in mind at once. Miller (1956) famously estimated the capacity
of working memory at seven plus or minus two chunks of information.
The richness of the mental representations in conscious awareness depends on
the size of the chunks – the combinations of elements of information that
people have grouped into units that they retrieve from memory as a whole.
As well as the size of chunks, the richness and strength of the associations
between different chunks influence one’s ability to retrieve related information

Imagine whirling a weight on the end of a 
rope in a horizontal circle around your head.
How does it move when you suddenly let go?

People who have paid attention in physics, and
internalised Newtonian mechanics, will imagine
and describe the path of the flying weight as a
straight line in the horizontal plane, perpendi-
cular to the line of the rope at the moment of
release; while the object drops with increasing
speed in the vertical plane (due to gravity). 
People who have not learnt mechanics often
imagine that the weight will move in a curved
path, and give similarly wrong answers to
other problems to do with force, motion and
gravity (McCloskey, 1983). Their naïve intuitive
physical beliefs correspond remarkably closely
to theories of motion held by scholars in the
centuries before Newton (McCloskey, 1983; 
Clement; 1983).

8.10 Naïve physics
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reliably. For instance, Akin (1978) found that architects’ memories for
architectural drawings depend on schematic encoding of drawing chunks.
The ease and accuracy with which items of information can be remembered
depend on the number and meaningfulness of the associations that are formed
to other items in memory; studies of expert–novice differences in various
fields show that experts do not just know more, but their knowledge is
structured so that situations trigger recall of both appropriate general prin-
ciples and appropriate specific information (Bédard and Chi, 1992).

Memory recall is reconstruction
Research on what people recall from memory, and how, indicates that this
is best viewed as an active process of constructing coherent mental repre-
sentations from comparatively sparse and incoherent components, rather
than as faithful and passive retrieval (Bartlett, 1932; Koriat et al., 2000).
Recognising an object or situation as a member of a category (such as being
in a restaurant) activates a learned schema for constructing a mental represen-
tation of a situation of that type, creating expectations that it will include
components with particular characteristics, roles and behaviour (Schank
and Abelson, 1977; Schank, 1982).

When these expectations are violated the situation is perceived as being
different or surprising. Studies of memory for drawings of faces (Wulf, 1922)
and for stories (Bartlett, 1932) have shown that unusual features that are
perceived as significant are highlighted and exaggerated, while other unusual
features are smoothed towards what is standard for the category (Koriat et al.,
2000). Perceptual recognition of an object or scene as a member of a category
(which involves the use of the category representation to construct a repre-
sentation of the individual) can distort what people perceive, highlighting
salient unusual features and minimising others, as well as enabling them to
perceive the object or scene as a configuration of particular components
(Goldstone, 1998).

Although designers’ memories include details of both exact form and
context, research on mental imagery, perceptual learning (Goldstone, 1998),
and expertise in electronics (Egan and Schwartz, 1979), as well as radiology
(Myles-Worsley et al., 1988), and chess (Gobet and Simon, 1998), indicates
that visuospatial representations are highly structured, incorporating categori-
sations of both structural features and emergent visual features. It is difficult
to assess how much of the mental representation of an individual design, or
a sketch, is unique to it, and how much is reconstructed from representations

The ease and accuracy
with which items of
information can be
remembered depends
on the number and
meaningfulness of the
associations that are
formed to other items
in memory.
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of more general categories.The structure and redundancy in visuospatial
representations enable details to be reconstructed from sparse mental
descriptions.

Research on memory has shown that the mental representations that guide
thinking cannot be divided neatly into the content of conscious awareness
controlling behaviour and memories passively awaiting recall. How readily
memories for objects, concepts or events are recalled, or serve to influence
other cognitive processing, depends on how recently and forcefully someone
has perceived or been reminded of them.This effect works not only for
the items themselves, but also for other related items (Baddeley, 1996).The
priming of memories for recall by the activation of related memories depends
on the organisation of memory; thus, it depends on both associations and
generalisation across cases to create categories and abstract types (Anderson,
1983).

Categories and exemplars as reference points
Design researchers have found that designers in a variety of fields make use of
memories of both individual designs and design elements, and generalisations
into categories. Schön (1988) describes functional types and references as
forms of architectural design knowledge. Drawing on the cognitive theory of
dynamic memory proposed by Schank and Abelson (1977; Schank, 1982),
Oxman (1990) argues that precedents are used in design as prototypes,
through a process of typification in which individual designs, problems etc.
are used to create and refine more abstract generalisations, and are indexed
in memory by these generalisations. Eckert and Stacey (2003b) argue (from
observations of fashion and knitwear designers’ working practices and how
they describe designs to their colleagues) that remembered designs often serve
as exemplars and indices for subtly differentiated categories. Eckert’s later
observations of engineers indicate that commonly known objects play an even
larger role in engineering, where there are fewer potential reference designs
than in textiles and they are shared by the members of multidisciplinary
design teams.

Multiple mental representations
Designers can think about the same problems using very different mental
models and reasoning strategies, according to how well they create concrete
visuospatial representations of the structure of the design, and abstract
propositional representations of its functions. Engineers who are highly

8.11 Objects often serve as mental
references. Famous buildings, such as
Lloyds of London, are shared mental
reference points amongst a community
of professionals.
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skilled in applying analysis techniques reason about the consequences of
making changes to a design by constructing lattices of causal connections,
which are imagined in relatively abstract propositional terms.This approach
yields a deep understanding of why changes have particular consequences,
but reasoning mistakes can lead to completely wrong conclusions. Detailed
and concrete visuospatial representations of structure and behaviour support
retrieving related designs from memory and reasoning about similarities
and differences. Other engineers reason about the same sorts of change by
making predictions from how similar designs behaved in the past.While
some very experienced engineers can make good predictions by similarity
reference, the effects of small changes can easily be overlooked. By providing
these predictions, they can enable their analytical colleagues to construct
correct causal models for computing more precise results.

Visuospatial thinking is very important in most types of engineering
designing, and many designers are good at it. Most engineering design
creation involves relating visuospatially imagined structure to functions and
constraints that are reasoned about in propositional terms. Moreover, many
mechanical engineers think in terms of visually imagined concrete instances
of mechanisms or machines when there is no actual need to do this for the
problems they are solving. Some find it very hard to think in the abstract
functional terms envisaged by top-down design methodologies (Andreasen,
1980) and by computer tools for designing in terms of networks of functions.
For example, Nam Suh of the Massachusetts Institute of Technology has
said that many engineers take naturally to his axiomatic design method
(Suh, 1990, 2001), while others find it very difficult and unnatural. One
reason for this is that mental representations of designs in terms of abstract
statements of functions, and transformations and transmissions of matter,
energy and information, form sparse networks of items of information with
relatively arbitrary connections between them, with little redundancy. So
they do not form large and strongly connected chunks as readily as spatial
information from visual perception of sketches, diagrams and the artefacts
themselves, which contain a lot of redundant and mutually reinforcing
connections between elements.

Another reason why many engineers find it difficult to reason abstractly
without reference to particular physical embodiments is that functions and
behaviour are hard to imagine except as the actions of concrete spatial things,
and functions are usually associated in memory with examples of machines
that embody those functions. Recalling a concept – a category of designs or

8.12 Designers find it difficult to
think about functions abstractly. 
They often make reference to known
shapes to describe functions, finding it
difficult to break away from such visual
descriptions.
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design elements – cues the recall of features typically present in a design
embodying the category, either as elements of a composite archetype, or
because the representation of some aspect of the concept cues the recall of
exemplars of the concept.Thus, thinking about designs in functional terms
often imports structural and behavioural information into the designers’
mental representations of the design situation. Conversely, a visuospatial
representation of the form of an object is tied to its identity as a type of
thing with functions and behaviours, and cues recall of its functions and
behaviours. Ignoring these associations can prove impossible, even when
one is actively trying (Jansson and Smith, 1991; Purcell and Gero, 1996).

Individual differences
The differences between individuals are larger than most people imagine.
Reasoning abilities and styles differ according to how well people form
different kinds of mental representations (Figure 8.13).At one extreme, some
people have very little subjective mental imagery, and that is fleeting and
fragmentary; while at the other end some people have images they subjectively
experience as stable, detailed pictures of scenes and situations, and recall
or generate them easily – sometimes too easily. However, there is no strong
relationship between subjective mental imagery and the ability to solve a
lot of visuospatial problems (Neisser, 1970). Some people who have rich
static images find imagining movement difficult, as the rich detail and
spontaneous retrieval of other images gets in the way of making changes to
them. Strong associations to large coherent visual memories are likely to
be an advantage in finding visuospatial analogies, and may be a handicap
in reasoning about movement and causal processes.

The relationship between subjective mental imagery and the ‘real’ objects
they refer to is also subtle and not fully understood. Psychological theorists
still argue about whether mental imagery is essentially pictorial, most famously
Kosslyn (1980, 1994), or essentially comprises symbolic descriptions, most
famously Pylyshyn (2002, 2003).There is evidence that even when a rich
mental image is subjectively experienced as complete, details within it do
not exist until attention focuses on a part of the image (Kosslyn, 1980, 1994).
But visuospatial representations that are subjectively experienced as images
may not just be missing details, they may also be missing entire categories
of information; and relationships or resemblances that are not an explicit
part of the structure of the scene imagined may be invisible when they would
be perceptually obvious in a picture.

8.13 Flight simulator. Some people find
it difficult to generate mental images,
while others find it difficult to picture
movement.
© Airbus
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Seeing objects, photographs, sketches, schematic diagrams and, so on
triggers the creation of mental representations of designs through perceptual
recognition. People can actively control the focus of attention to obtain the
elements of an external representation that they need, so having an external
memory enables them to use much more complex information than they
can hold in a coherent mental representation otherwise. As we have seen,
people can perceive features and relationships that were not previously part
of their mental representations of the designs, though this usually requires
active search. But the external representation functions as a set of cues for
constructing mental representations. For this, accurate depiction is only re-
quired when fine details differ from category-normal in significant ways, and
the appearance of roughness cues the inclusion of uncertainty or provisionality
in the mental representation.

Mental actions
Designing comprises various sorts of mental and physical action, using and
creating mental and external representations. In this section we view designing
as mental action, at the level of individual moves through the spaces of pos-
sible designs, to examine how external representations contribute directly
and indirectly to the actions that create new designs.We also look at design
thinking as skill – learned capacities for constructing representations of design
problems, making particular kinds of moves in design spaces, evaluating
design proposals, and for structuring the design process.

Basic elements of design cognition
Analyses of design processes at different levels of detail converge to a view
of designing, originally formulated by Asimow (1962), as comprising a
cyclic process, of formulating the problem, making a change to the proposed
design, evaluating the new state of the design, reformulating the problem,
making another change to the design, and so on.The designer’s unders-
tanding of the problem co-evolves with the solution (Dorst and Cross, 2001).
What gives design thinking its characteristic form is that the design cycle is
fractal down to the level of mental actions, with cyclic design processes for
subproblems nested within a single stage of a larger task. Complex engineering
design processes employ specialists to perform particular evaluations in
the outer loops, while the smallest cycles of evaluating and changing happen
entirely mentally in a few seconds. Like other problem-solving activities,
designing involves means–ends analysis and a hierarchical structure of

The designer’s unders-
tanding of the problem
co-evolves with the
solution.
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goals and subgoals (Simon, 1996).At each level the subtasks include decision
making, retrieving information, recording information, and planning, as
well as generating design ideas. Design activities include well-defined sub-
problems, many requiring deductive reasoning and procedure following,
rather than propose-and-evaluate idea construction. Successful creative thin-
king requires both fluency in idea generation – divergent thinking – and
in linear problem solving – convergent thinking; these abilities are not highly
correlated. Of course, designing also involves the many activities involved in
managing processes and human relationships, which are beyond the scope
of this chapter.

Situated cognition
A lot of what we know how to do (what psychologists term procedural
knowledge) is tightly bound to particular situations; and much of human
thought is inseparable from perception of one’s environment and action in
direct response to it, guided by conscious and latent goals (Suchman, 1987;
Clancey, 1997). A lot of problem solving, including design, proceeds by
applying characteristic sequences of mental actions to situations of particular
types, triggered by goals and elements of perceptions and mental represen-
tations that belong to particular categories – though the exact form of the
actions depends on the subtle details of the mental representations of the
situations. A lot of these actions have the character of heuristics: reasoning
or decision-making steps that are potentially useful but not guaranteed to
be right (Duncker, 1935; Newell and Simon, 1972; see Akin (1986) for a
detailed theory of architectural design as problem solving). Conscious de-
cisionmaking about what to do next (as opposed to larger-scale goal set-
ting) is relatively rare. Conscious real-world goal-directed behaviour typ-
ically has the character ‘remember or decide what ought to be done next,
or think of something to do, and do it if the estimated benefits exceed
the estimated costs’ (Anderson, 1990). Consciously chosen actions (which
are goals to be achieved by finer-grained actions) are only planned or
decided about at the level of detail that is needed. Finer details are dealt
with as they arise by unplanned situated actions. Plans and goals do not
rigidly dictate behaviour but form part of the mental context for situated
actions, functioning as resources to guide behaviour (Suchman, 1987;
Clancey, 1997). Designers are guided by plans but act opportunistically to
correct mistakes, respond to unexpected events and fulfil latent goals (Visser,
1990, 1994).

A lot of what we know
how to do is tightly
bound to particular
situations.
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Creating an understanding
Actively creating an understanding of the problem is a vitally important part
of problem solving, especially in design.This involves both perception and
reasoning. Designers face problems that are inherently ill-defined, that are
underspecified and in which important constraints are implicit (Simon, 1973,
1996). Designers often reformulate the design problem, to add structure
and to recast it in terms more useful for guiding its solution: categorising
it, thus activating additional constraints, and implicitly selecting solution
strategies and eliminating alternatives.

Finding the right view of a problem is often the key to solving it (Duncker,
1935). Such reformulations can be guided by established principles and
guidelines, individual preferences, the recognition of a similarity to another
problem, or be more-or-less arbitrary. But patterns of thinking actions are
largely determined by the requirements of the task, and hence by the form
of the product.Well-defined problems can predominate in the design of
tightly specified products. Hoover et al. (1991) point out that designers
generate different abstractions of their designs for particular practical purposes,
such as modelling their performance, and develop their designs further by
refining these abstractions by adding more concrete detail; refinements made
from different abstractions may not be compatible.

Darke (1979) argued that the designs of the architects she studied were
shaped by the aspects of the design problems that were explicit and salient
in the architects’ minds when they generated the essential features of their
conceptual designs; and that the most prominent aspect of the problem
situation for an architect is typically the physical characteristics of the site a
building is being designed for.

Manipulating past designs
Designers’ pattern synthesis actions that create or modify new designs,
combine, manipulate and transform the objects, features and properties they
have available in memory, often derived from past designs (Lawson, 1997).
The most strongly available design elements are those in conscious awareness
or available in the designer’s visual field.This depends on what the notational
conventions of sketches and other external representations make salient
(Zhang, 1997). Knowledge of previous designs biases designing towards
similar designs even when designers know they are actively trying to create
something different – a phenomenon known to psychologists as fixation
(Figure 8.15; Jansson and Smith, 1991; Purcell and Gero, 1996).

8.15 Child’s beaker. In a study on
fixation, Jansson and Smith (1991)
showed design students a mug with a
mouthpiece and told them to create a
non-spill mug without a mouthpiece:
despite this instruction, the majority of
designs incorporated a mouthpiece.
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Designers assess the quality of changes to designs (envisioned mentally or
using external representations) perceptually, as well as by explicit reasoning.
In some design fields, perceptual evaluations are very tightly coupled with
design synthesis actions, and play a crucial role in the development of
conceptual designs. Humans are extraordinarily good at perceiving the
important features of their environment, including categories, symbols and
meanings, as well as subtle similarities and differences.This ability is precisely
tuned to the demands of the current task. Experienced designers know about
and can recognise more perceptual features (Egan and Schwartz, 1979),
and this is a highly trained skill in many design professions.Thus, designers
create designs conforming to their perceptually recognised visuospatial
constraints and requirements (within the limitations of the power of their
pattern synthesis actions); and recognise the degree to which they conform
to visuospatial constraints and requirements. In aesthetic design, perceptual
visuospatial knowledge of the context and of what is required is an essential
part of formulating the problem (Eckert and Stacey, 2001).

Designers rely on perceptual evaluations either when the problem is
simple enough to see or too complex to analyse. For example, knitwear
technicians can spot whether two curves of different shape have the same
lengths. At the other extreme are complex emergent phenomena in jet
engine design, such as combustor rumble, where only a few experts have
a detailed tacit understanding of the relationship between combustor shape
and rumble, and everybody perceives it as a black art.The experts have
learned complex associations between features of combustors and levels
of rumble.The interplay of perceptual and explicit reasoning can be seen
when engineers build up analysis meshes. Experienced engineers know the
order of magnitude of a result and conduct computer analysis to fine tune
the value.They perceive the features of the object that are significant for
the analysis and the relationships between them, and recognise correct
meshing points or use situation-specific knowledge to reason about them,
and get analyses close to the real value. Novices might put the points in the
wrong places, and not even recognise when their solutions are out by several
orders of magnitude.

Design as skill
Experienced designers usually know more than novices. Not only do they
know more facts, rules, principles, guidelines and examples, but their know-
ledge is more highly organised so that it is more accessible and applicable

8.16 Passenger jet. Engineers are often
able to assess the feasibility of designs
and recognise what analyses are required.
Skilled specialists can, for example, predict
aerodynamic properties and the trans-
mission of forces and stresses.
© Airbus
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when needed. But expertise, especially in design, is primarily skilled action,
for perceiving, formulating and solving problems (see Bédard and Chi (1992)
and Bolger (1995) for introductions; see Chi et al. (1988) and Ericsson and
Smith (1991) for seminal research on expertise).

While most studies of expertise distinguish between experts, intermediates
and novices, Raufaste et al. (1998) make a further distinction between experts
and super-experts, leading authorities who spend a lot of time reflecting
on very difficult cases; they point out that much of the research on expertise
has contrasted super-experts with novices and neglected ordinary experts,
who are competent but mostly deal quickly with routine cases.

Experienced engineers working outside the scope of their expertise
may have more general strategic knowledge to call on but will suffer the
same difficulties as novices in recognising significant features and formulating
problems, and will need to reason backwards from their goals to how to
achieve them (Figure 8.17).

Expert problem solving in any field requires a rich and powerful set
of associations between different situations and appropriate actions. Experts
(performing routine tasks) work forward from the present situation: they
know how to recognise the pertinent features of the problem situation, they
know what to do, and do it, without needing to formulate a plan. For experts
in many fields, their task-specific problem-solving procedures include recalling
and adapting solutions to previous problems; for designers, these are elements
of previous designs.

Experts are subject to fixation on previous designs in a different way
from novices. Because they possess memories of a greater stock of relevant
designs, they will be better able to find an appropriate model, and escape a
particular recent exemplar, but will find it harder to escape closer matches
to the present situation and stronger situation–action associations. People
with expert knowledge have both richer and stronger associations between
elements of their factual knowledge, and more specialised mental procedures.
Thus they can focus recall from memory and mental actions more narrowly.
This can be an advantage, but mental actions can embody tacit constraints
inherited from previous similar problem situations that are no longer relevant,
leading to incorrect or unsuccessful problem solving (Wiley, 1998).

Novices, who lack task-specific situation–action associations, explore
and learn from their mistakes.They reason backwards from what they want
to how they can get it, applying general problem-solving strategies to the
facts that they know.Task-specific procedures are created as the starting points

8.17 Aircraft cockpit. Mechanical
engineers and avionics engineers often
know little about each other’s tasks.
Even experts are effectively novices in
the other field.
© Airbus
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and outcomes of such reflective problem-solving processes are associated
in memory, to create situation–action pairs. Now no reasoning is needed to
go from recognising the situation to performing the action. Situation–action
associations that are repeatedly successful are strengthened and generalised;
when they fail, situations are differentiated so that more tightly specialised
situation–action associations are formed (Anderson, 1983). People learn to
avoid actions that are related to the appearance of failure, interpersonal conflict
or other negative rewards. In non-routine situations, experts do means–ends
reasoning just like novices, but their conscious, reflective problem-solving
strategies are also a learned skill. By learning from the success and failure
of their reasoning they develop more elaborate and powerful specialised
strategies for the problems they meet in their field.

Expert designers put considerable effort into articulating their problems
(typically more than novices). By collecting all the available constraints on
the design, they minimise the range of designs they need to think about.As
designers gain experience, they develop skills in recognising, formulating,
prioritising requirements and constraints, and employing them in their design
thinking. Skilled actions learned by expert engineers include identifying the
different issues they need to consider and what information they need to
solve a task (Ahmed et al., 2003). Of course, skills that contribute to high
performance include process management and cooperation with others
(Sonnentag, 1998).

In many fields, the skills developed by experts include reading the nota-
tions and graphic conventions used in their field. Increasing skill in reading
graphic conventions reduces the time and effort involved in generating
appropriate mental representations from external design representations,
as a greater variety of symbol combinations become perceptually recognisable.
As Henderson (1999) notes, this is an important aspect of professional group
membership and possession of a shared object world. In some industries
designers employ active strategies for creating the mental representations
they will require later for creating designs.This is more prevalent in fashion
-driven industries, where designers learn categories that implicitly define
the spaces of acceptable designs within current fashion (which the designers
use to formulate design goals) and that provide components of the designer’s
own new designs (Eckert and Stacey, 2001, 2003a).While engineers study
competitors’ products and look for applicable solution principles when
required, constant opportunistic gathering of sources of inspiration is seldom
part of their work culture.

8.18 Jet engine. Ahmed and Wallace
(2004) found that the novices were
aware of their information needs in only
one-third of their queries. 
Reproduced with the kind permission of
Rolls-Royce plc

8.19 Sports car. Only a few areas of
engineering designers employ active
strategies for creating mental
representations. For example, a car stylist
employs a process very similar to a
fashion designer.
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Mental actions: creative thinking
In this section we consider some of the skills and mental actions required
when standard solutions will not work, and expertise is not enough.

A great deal of engineering design is routine design, in the sense that it
involves either modifications or transformations of existing design elements
that do similar jobs – design by adaptation – or the application of well-under-
stood procedures for creating concrete embodiments of standard solution
principles – design by refinement (Oxman and Oxman, 1992).

In these situations the product architecture is understood – so designers
can create mental representations of what the design should be in the form
of skeletally imagined components, because they know the mappings from
functions to structural elements to fulfil those functions. But sometimes
more innovative designing is required (Figure 8.20), when straightforward
adaptations of previous designs are insufficient. Not only are more radical
transformations required, but finding a suitable design or solution principle
to adapt may not be easy.

Designing with constraints
Designing is guided by the constraints on the product. Hard constraints,
to which the product must conform, act differently from guidelines, targets,
and soft constraints, to which the product should conform (Figure 8.21).All
these features of the problem formulation serve to activate learned problem
solving procedures, including the recall of prefabricated solution chunks.
Thus, they channel designers into repeating and adapting designs they have
produced before.

When designers are unable to create designs conforming to all the soft
constraints, they weaken or discard the less important constraints, to make
their designs produced by their standard methods meet the task demands
as well as possible. But when hard constraints are in conflict, they can prevent
standard solutions from working.This situation forces designers to try to
innovate, by exploring and using reflective problem-solving strategies, and
progressively refining their understanding of the problem. From repeated
failures and partial successes they refine their strategies for reformulating
problems and generating novel ideas.The role of difficult combinations of
hard constraints as a spur to creativity has been observed by many outstand-
ingly creative people, for instance Gordon Murray, the racing car designer, who
constantly needed to work around and exploit complex technical regulations
(Cross and Clayburn Cross, 1996).

Soft constraint
should do

Hard constraint
must do

Constraints

Fail to
meet

Fail to
meetYes

Yes

Innovate

No

Weaken
constraint

8.20 Helicopter. Often innovative
design problems turn up within larger
routine design problems, in enabling the
use of existing components and
approaches, and stopping changes
propagating through a design, as Eckert
et al. (2004) discovered in a study of the
customisation of helicopters. Photo 
© AgustaWestland

8.21 Different types of constraint
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Analogical reasoning as a mechanism of creativity
We view the key creative step as the recognition of an analogy between the
requirements of the current situation and some other machine or process
or form.This can be a specific exemplar or an abstractly imagined category.
The structure mapping theory views analogical reasoning as identifying a
correspondence between the structures of the relationships between the
components of two different composite entities (Gentner, 1983).The more
different the characteristics of the components themselves, the more abstract
and radical the analogy.

The difference between innovative and routine design is one of how far
the formulation of the design problem needs to be abstracted away from the
salient features of the design elements that perform similar tasks in similar
designs, to guide the generation of solutions that do not share those features.
This usually requires reframing the problem, by describing needs and con-
straints in different terms, as functions, or as different kinds of functions, so
that different salient features of the problem guide the retrieval of different
analogies from memory. In cognitive terms this is a difference of degree, as
similarity between entities with similar components is recognised through
the same mechanisms as analogy between entities with dissimilar components
(Gentner and Markman, 1997). Nevertheless, finding abstract analogies is
hard, because, first, the problem situation has associations in memory to
more concretely analogous designs, on which designers fixate; second, there
are no prior associations in memory between the problem situation and any
abstract analogies to it; and third, reframing the problem is often difficult.

Constraints enhance creativity
The challenge in applying methods and processes for innovative design is to
turn the narrowness and tight focus of most people’s analogy recognition
and design synthesis actions to advantage.This is achieved through enabling
designers to formulate their design problems in ways that facilitate the
generation of appropriate ideas (Figure 8.22).

Designers often elaborate the first promising idea they think of, investing
time and effort in it and becoming emotionally committed to it, when
instead they should look further for more and better initial ideas.A major
purpose of some design methodologies is encouraging designers to look
for a range of possible alternative designs in conceptual outline before
committing to any one (either by conscious selection, or by investing too
much effort in elaborating it). Some established methods for generating

Representations
of needs and
constraints

Memories of
useful concepts
and examples

Goals

8.22 Elements of design cognition
that are required to generate
creative ideas
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innovative design ideas, such as TRIZ (Figure 8.23), work by encouraging
designers to formulate problems that have tight and novel constraints, or
that make particular solution principles the most salient sources of analogical
mappings. Brainstorming functions, in a loose and unsystematic way, to get
designers to consider the relationships between the problem and the arbitrary
constraints and potential analogical mappings suggested by the ideas put
forward in the brainstorming session.

In many fields of endeavour, creative breakthroughs often come from
finding a different problem to solve. In engineering this can be done by
adding constraints to underconstrained problems, or by removing constraints
from overconstrained problems. Engineers are taught to reformulate problems
by stripping away assumptions about how a machine should work to obtain
a more abstract, functional view of what their designs should achieve. As
we have explained, excluding assumptions about physical embodiments from
functional formulations of problems is not necessarily easy.

The phenomenon of fixation in design stems from the design synthesis
actions being tacitly overconstrained by the association of functional re-
quirements with particular physical embodiments. Simon (1996) explained
the well-known phenomenon that insight in problem solving frequently
occurs after a break (incubation) as due to the forgetting of unhelpful as-
sociations with the problem in memory. Designers in many fields routinely
add constraints to underconstrained problems to define them clearly enough
to solve, by choosing standard solutions, or, where there are none, by making
major decisions about the form of the design arbitrarily or according to
personal preference.

Finke (1990) got people to imagine combinations of arbitrary shapes
(which he terms preinventive forms) and then use them to solve problems
requiring creative thinking, thus giving them a much tighter set of constraints;
he found that his subjects did better in the constrained condition than when
allowed to think freely. Using chance forms to meet design goals is often
a fruitful idea-generation strategy in artistic design fields.

In innovative designing, external representations are needed for the
structure of the product architecture. Graphic representations of functions
and behaviour can make designers’ mental representations of functional
aspects of design problems more salient and coherent, facilitating the
search for radical analogies and novel embodiments of principles. Finke’s
(1990) results suggest that arbitrarily selected preinventive forms might
also facilitate this (Benami and Jin, 2002). Finke et al. (1992) conceive of

In many fields of
endeavour, creative
breakthroughs often
come from finding a
different problem to
solve.

8.23 TRIZ is a systematic technique
for generating innovation (Altshuller,
1994). It requires designers to formulate
their problems in an abstract way using
a matrix of 39 parameters, where each
cell points to patented solutions.
Altshuller also developed a set of 40
principles, such as replacing mechanical
systems by optical, acoustic or thermal
ones, or eliminating failure-prone
processes altogether.
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preinventive structures – novel visual patterns, object forms, mental blends,
mental models, verbal combinations – as being initially formed without
full anticipation of their resulting interpretation. Benami and Jin (2002),
presenting a model of creative conceptual design in engineering, argue that
the stimulating properties of preinventive entities in external representation
are meaningfulness, relevance to the matter at hand, divergence (the capacity
for finding multiple uses for the same entity), incongruity (conflict or contrast
between elements) and emergence (the extent to which unexpected features
appear).

Improving representations in design processes
In this section we discuss ways to improve design processes by improving
the representations designers use. Negotiating a common understanding of
shared representations is a first step to improving design processes.We will
not attempt to survey the large body of academic research on developing
better CAD systems or computer sketching systems (see Do (2002) for one
indication of what is possible). Rather, we will discuss ways to think about
the issues involved in choosing and using effective representations.

There are two challenges in improving engineering design processes at
the level of designers’ thinking.The first is enabling designers to find the
information they need. Searching for information takes up a lot of their time;
for designers, knowledge and procedures for analysing their information
needs, and strategies for searching for information, are an important part
of expertise (Kuffner and Ullman, 1991; Ahmed et al., 2003; Ahmed and
Wallace, 2004).The second is the concern of this chapter: finding ways to
display information graphically that facilitate reasoning with it and man-
ipulating it.

Visualisation
Most importantly, this involves ways of making significant features and
relationships directly visible in the display, eliminating the need to reason
about what they are.Analyses in terms of mental representations and operations
are not needed for this.What is required are techniques for translating both
geometric and abstract structures into graphic forms that make certain features
and relationships salient.Tufte (1983, 1990, 1997) provides valuable guidance
on how to do this in a wide variety of situations, though focusing primarily
on data displays and maps. In changing procedures to use different represent-
ations, or to migrate manual activities onto computers, it is essential to under-

There are two challenges
in improving engineering
design processes at the
level of designers’
thinking:
• enabling designers to 

find the information
they need;

• finding ways to display 
information graphically.
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stand the functions served by the representations used in the current process,
and how they are used, to ensure that the new procedures support the same
kinds of thinking.

In many situations designers need to consider and modify different aspects
of their designs, and perform different kinds of actions – comparisons,
identification of relationships, ordering into sequences, parameter changes,
synthesis of new forms, discovering the consequences of changes, and so
on.These may require different representations that make different features
and relationships perceptually visible.

Designers of complex products, whose structure, function and perform-
ance need to be considered in different ways in parallel, need to switch
between different mental models supported by different external represen-
tations and information sources. So a potentially fruitful avenue for academic
research into design process improvement is the provision of alternative
graphic notations for design information, both for computer tools and for
designers to sketch with.An example is the research into graphic represen-
tations of the dependencies between the components of a design, and between
the tasks in a design process.Another example is the research into graphic
notations and computer tools for tracking design rationales (Buckingham
Shum et al., 1997; Heliades and Edmonds, 2000; Bracewell and Wallace,
2003).

Cognitive dimensions
Green (1989) argues that representations of complex information structures,
such as the programming environments used by software developers (Green
and Petre, 1996) and the graphical notations used in electronics (Petre and
Green, 1992), can be considered as good or bad on a number of cognitive
dimensions.The cognitive dimensions of information artefacts determine
how easy or hard they are to use or modify in particular ways. Designing
computer tools for displaying and manipulating complex information struc-
tures (like designs) involves making trade-offs (consciously or unconsciously)
between different cognitive dimensions. Pencil and paper is a medium for
representing information structures, like a CAD system, but with very different
positions on the cognitive dimensions. Using a pencil frees designers to be
inconsistent, go beyond standard notational conventions, and give symbols
different meanings, but they are still bound to notational conventions (however
idiosyncratic) that make some types of information salient rather than others,
may fail to show significant dependencies, and may make certain kinds of

8.24 Connectivity. Graphic represent-
ations of the different dependencies
between the components of a design are
developed to aid change prediction
(Jarratt et al., 2004).
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comparisons and evaluations difficult.And as soon as a description needs to
be both detailed and consistent, hand-drawn diagrams or drawings become
a very viscous medium.

Visibility and juxtaposability. Ability to view components easily. How easy is it to see or find the various parts of the notation
while it is being created or changed? If the users need to compare or combine different parts, can they see them at the same time?

Viscosity. Resistance to change. When the users need to make changes to previous work, how easy is it to make the change?

Hard mental operations. High demand on cognitive resources. What kinds of things require most mental effort with this notation?
Do some things seem especially complex or difficult for the users to work out in their heads (for example, when combining several
things)?

Closeness of mapping. Closeness of representation to domain. How closely related is the notation to the result that the users
are describing? What parts seem to be a particularly strange way of doing or describing something?

Hidden dependencies. Important links between entities are visible. If the structure of the product means some parts are closely
related to other parts, and changes to one may affect the other, are those dependencies visible?

Progressive evaluation. Work completed can be checked at any time. How easy is it for the users to stop in the middle of creating
some notation, and check their work so far? Can they do this any time they like? Can the users find out how much progress they
have made, or check what stage in their work they are up to? Can the users try out partially-completed versions of the product?

Provisionality. Degree of commitment to actions or marks. Is it possible for the users to sketch things out when they are playing
with ideas, or when they are not sure which way to proceed? What features of the notation help them to do this? What sort of
things can the users do when they do not want to be too precise about the exact result they are trying to get?

Premature commitment. Constraints on the order of doing things. When the users are working with the notation, can they go
about the job in any order they like, or does the system force them to think ahead and make certain decisions first?

Secondary notation. Extra information in means other than formal syntax. Is it possible for the users to make notes to themselves,
or express information that is not really recognised as part of the notation? If the notation was printed on a piece of paper that
the users could annotate or scribble on, what would they write or draw? Do the users ever add extra marks (or colours or format
choices) to clarify, emphasise or repeat what is there already?

Detail in context. Ability to see both complete descriptions of local information and their relation to a wider picture. Is it possible
to see how elements relate to others within the same notational layer? Is it possible to move between them with sensible transitions?

Synopsis. Support for holistic views. Does the system provide an understanding of the whole structure when the user ‘stands
back and looks’?

Free rides. New information is generated as a result of following the notational rules. Can users read new information off, as a
result of making measurements and observations of the things they put there previously?

Unevenness. Bias towards specific solutions or actions. Does the system push users’ ideas in a certain direction because certain
things are easier to do?

8.25 Some cognitive dimensions
(selected from a fuller list in
Blackwell et al., 2003)
© Lawrence Erlbaum Associates Inc.
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Conclusions
Various kinds of graphic representations and models are an important part
of most aspects of engineering, but many engineers fail to recognise their
influence on individual thinking, communication between designers, and
the organisation of design processes. In some activities the entities and
relationships the representations make explicit become the concepts designers
think with. Many design processes could be improved if their participants
understood each other’s information needs and how information can be
most effectively conveyed.

Changing processes, methods and tools changes designers’ tasks and
information needs; this changes the functions of existing representations of
design information, and may create a need for new representations.The
development of new methods and procedures should include a careful
consideration of what designers’ information needs are and what graphic
representations of design ideas can best meet those needs.While this chapter
has concentrated on representations of designs, most of the points it makes
apply equally well to representations of processes, which are frequently
important in guiding design processes but which have attracted little research.
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