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Abstract

Design sketches are believed to play essential roles in early
conceptual design processes. Exploration of how sketches are
essential for the formation of new design ideas is expected to
bring important implications for design education and design
support systems. Little research has been done, however, to
empirically examine the ways in which designers cognitively
interact with their own sketches. Using a protocol analysis
technique, we examined the design thoughts of an architect
from the following point of view; how he drew depictions,
inspected depicted elements, perceived visuo-spatial features,
and thought of non-visual functional or conceptual
information. The findings suggest that design sketches serve
not only as external memory or as a provider of visual cues for
association of non-visual information, but also as a physical
setting in which design thoughts are constructed on the fly.

Introduction

Designers typically use less rigid forms of diagrammatic or
pictorial representations, such as freehand sketches, in early
conceptual design processes. It is widely believed that
sketches play an essential role in the formation of creative
ideas. Research on the roles of sketches in design processes
is expected to lay the foundation for design education in the
effective use of sketches and for the development of
computer tools to support sketch-based design.

Relevant to this is a more general question. That is, why
and how do diagrammatic or pictorial representations
facilitate people's problem-solving or decision-making? The
ubiquity of these representations in our everyday life, e.g. in
public signs and icons, maps, textbooks, advertisement and
brochures, intensifies the significance of the pursuit of this
issue. Newell and Simon (1972) discussed how these
representations serve as an external memory. Externalizing
intermediate results of inference as visual tokens reduces
memory load. When some of the results need to be available
for furthering inference later in problem-solving, people
have only to visually revisit the corresponding tokens.

Recent research has revealed more active roles of external
representations. Inspecting representations allows visuo-
spatial information to naturally emerge in perception
(Koedinger & Anderson, 1990). Emergence of visuo-spatial
information sometimes occurs in unexpected ways, because
externalizing a set of ideas forces a specific organization of

elements (Stenning & Oberlander, 1995). The visuo-spatial
information extracted will, in turn, make a central
contribution to inference in two ways. First, it is used for
inference as its major component. This is the case where the
information extracted corresponds to a meaningful predicate
in the domain, for example, "equalness" in size in geometry
proof problem-solving (Gelernter, 1963), and "adjacent"
arrangement of components of a device in physics problem-
solving (Narayanan, Suwa & Motoda, 1994). In these cases,
external representations serve as a spatial model, providing a
concrete appearance of the problem-structure and thereby
encouraging people to attend to particular predicates.

Second, the visuo-spatial information extracted becomes
the visual cues for association or reminding of abstract
concepts, functional issues, relevant past experiences, or
problem-solving strategies. Larkin and Simon (1987)
discussed that proximity on a diagram could be a good guide
for solvers to decide what to infer next. Petre (1995)
discussed that indentation, alignment, white space, and
symmetricality in the notation of programming language
help people understand the structure of programming
components and their functional relationships.

These views, especially the view as a provider of visual
cues, apply to design sketches as well. Arnheim (1977)
enumerated many examples in which forms of architecture,
e.g. shapes, sizes, and spatial arrangements of elements,
carry abstract meanings, functions and psychological effects
on people for which the architecture is designed. Suwa and
Tversky (1997) suggested that experts' tendency to maintain
a successive chain of related thoughts is attributable to the
ability to use visual cues for association of functions.
Further, designers tend to associate a visuo-spatial feature
with one concept at a time and then with another afterwards
(Goel, 1995; Goldschmidt, 1991). This act, called re-
interpretation, is believed to be involved in the formation of
creative ideas.

Design sketches have another important characteristic.
They are not something given to designers at the beginning
of a task, but something which designers dynamically
produce from scratch during the process. By putting ideas
down on paper and inspecting them, designers see new
features and relations that suggest ways to refine and revise
their ideas, and thereby are driven to draw again. Schon and
Wiggins (1992) discussed that this sort of interaction with






with his own sketches.

For this purpose, we needed to examine the occurrences of
each type of action with a more precise granularity than just
examinations of the sum total of its occurrences in each
page. We chunked every five segments from the beginning
of the protocols, and thereby calculated the sum total of the
occurrences of each type in each 5-segment period. This
way, we obtained the changes (i.e. increase or decrease) of
the frequency of each type of action with the granularity of
5-segment periods

Based on this data on the changes of each type of action,
we examined whether or not there are any portions of the
process in which the frequencies of two actions changed in
correlation to each other. We carried out this examination
for the following pairs: P- vs. L-actions, P- vs. D-actions, P-
vs. M-actions, D- vs. L-actions, F- vs. P-actions, F- vs. L-
actions, F- vs. D-actions, F- vs. M-actions. Statistical
analyses were carried out in the following manner. First, for
each 5-segment period, we calculated the difference of the
frequency of each type of action from its immediately
previous 5-segment period. Then, we identified the portions
in which the differences for both actions correlate with each
other for more than or equal to two consecutive transitions
from a 5-segment period to the subsequent period. This way,
the portions in which two actions happen to increase or
decrease to a similar extent only for a single transition are
eliminated. We did this by conducting %-square tests on the
pair of series of differences for both actions. We identified
the portions in which the correlations are statistically valid
with a certainty of more than 90%.

If P-actions correlated with L-actions in a period (we will
call it a P-L correlation), it means two things. First, the
majority of P-actions occurred during the period by being
triggered by revisiting existing depictions, although P-
actions could be in principle dependent on any of L-, D-, or
M-actions. Second, when L-actions occurred they often
induced P-actions to occur simultaneously.

The periods in which F-actions correlated with D-actions
only and not with P-actions were much shorter than the
periods of F-P correlation. So were the periods in which F-
actions correlated with L-actions only. We found no P-M
and F-M correlations. Therefore, in this paper, we will
discuss only the correlations of the four pairs; P vs. L, P vs.
D,Dvs.L,and F vs. P.

Figure 4 shows, for each pair of actions, the periods in
which there were correlations. The horizontal axis is the
segment number of the architect's protocols, representing the
time frame of his process. Represented along with the axis
are portions corresponding to pages of his sketches. The
horizontal bars represent periods of correlation. The number
written near each bar is the identification number of the
period, corresponding to each period number in Table 2.
Table 2 shows the statistical data for each period of
correlation: the duration of the correlation in terms of the
number of consecutive transitions, a -square value, and a
certainty.
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Figure 4: The periods in the design process in which there
were correlations between pairs of different types of actions.

Table 2: The statistical data of periods of correlation

period  duration of X-square certainty
numbe  the period value
r
1 10 0.699 p>0.995
2 2 0.160 p>0.9
3 2 0.140 p>09
4 9 2.08 p>0.99
5 2 0.039 p>0.975
6 5 0.526 p>0.99
7 2 0.012 p>0.99
8 3 0.088 p>0.99
9 4 0.880 p>09
10 5 1.19 p>0.95
11 6 1.84 p>0.9
12 3 0457 p>09
13 7 0.972 p>0.995
14 2 0.171 p>09
15 2 0.162 p>0.9
16 4 0.549 p>0.95

In the entire Page 3 and the last half of Page 5, there was a
co-occurrence of P-L and P-D correlations (and thus a D-L
correlation at the same time). This means that perception of
visuo-spatial features is induced by both drawing and
revisiting existing depictions. This is characteristic of the
phase of spatial arrangement, in which designers often
arrange new things on a sketch by attending to the spatial
relations between them and existing depictions. Actually, the
architect stated that Page 3 was the phase of spatial
arrangement. We recognized in his protocols that he spent
the last half of Page 5 on arranging other functions on the
site after having explored the detail of a building plan.

There were periods in which P-actions correlated with L-
actions only and not with D-actions. This means that the
majority of the architect's perceptual actions occurred in
these periods when he inspected existing depictions. There
were periods, too, in which P-actions correlated with D-
actions only. This means that the majority of his perceptual
actions occurred in these periods as soon as he made new
depictions. The former periods covered 32% of the entire
process, while the latter 16%. This implies that, except for



the phase of spatial arrangement, visuo-spatial features of
depictions are more likely to be perceived later when the
depictions are revisited rather than simultaneously when
they are being drawn.

We also examined whether or not there was a negative
correlation between D and L-actions. Both actions were
negatively correlated in 62% of the entire process,
corresponding to 76% of the periods in which there was no
positive correlation. This indicates the separation of drawing
actions and inspecting actions except when he worked on
spatial arrangements. If drawing becomes frequent,
inspecting existing depictions becomes less frequent, and
vice versa.

F-actions correlated with P-actions from the latter half of
Page 2 to the beginning of Page 3, for the almost entire part
of Pages 4 and 5, and for the latter half of Page 7. During
these periods, the major way in which F-actions occurred
was to associate visuo-spatial features with functional issues,
although F-actions could potentially occur by being
suggested by physical actions without mediation of P-
actions. Visuo-spatial information perceivable from sketches
became the cues for association of functional information.
Perception of visuo-spatial information itself during these
periods was induced sometimes by D-actions only, L-actions
only, or both.

The important characteristic true to all the three major
occurrences of a F-P correlation is that it came after a P-L
correlation had lasted for a while. This finding tells
something about the conditions and ways in which visuo-
spatial information becomes the cues for association. It will
be discussed in more detail in the next section. There was a
page break from Page 1 to Page 2 before the first occurrence
of F-P correlation, and a break from Page 3 to Page 4 before
its second occurrence. This does not, however, weaken the
relationship between a F-P correlation and the preceding P-L
correlation, because the architect sketched by laying a sheet
of tracing paper over a previous page so that previous
depictions were visible, e.g. Page 2 over Page 1, Page 4 over
Page 3, and Page 5 over Page 3.

Discussion

Our analysis has provided the following insights into the
roles of sketches in design processes. First, sketches serve as
a representation, i.e. external memory, in which to leave
ideas as visual tokens, so that they may be revisited later for
inspection. This is supported by the negative correlation
between drawing and inspection except in the phase of
spatial arrangement, and by the finding that perceptual
actions are more likely to occur when depictions are
inspected later than while they are being made.

Second, thinking of non-visual functional issues is central
to design activities. This is supported by the finding that
functional actions became more and more frequent after the
phase of spatial arrangement. And importantly, sketches
play a role as a provider of visuo-spatial cues for association
of functional issues. The meaningful duration of periods of
F-P correlation, especially in the phase of functional

exploration, supports this interpretation.

Third, the finding that a period of F-P correlation was
always preceded by a period of P-L correlations provides an
important insight. We interpret the period of P-L correlation
as a preparation for functional thoughts. In this period,
designers create basic elements of sketches, and keep
perceiving visuo-spatial information without necessarily
frequent thoughts about functional issues. Only after a
preparation of this sort does the entire set of visuo-spatial
features become "ripe" for cueing functional issues. This
interpretation is supported by the finding that there was a
time delay in his design process before functional actions
began to occur frequently, too. These suggest that sketches
serve as something more than just a provider of visuo-spatial
cues. Cognitive interaction with sketches, i.e. making
depictions, inspecting and perceiving, enables designers to
determine when to think of functional issues and how. Put
differently, sketches serve as a physical setting in which
design thoughts are constructed on the fly in a situated way.
This coincides with the recently prevailing view (e.g. Agre
& Chapman, 1987; Kirsh, 1995) that people act not just in
goal-oriented or knowledge-intensive ways, but more often
in response to visuo-spatial features of the physical setting
they are in.

Future Work

Although our findings suggest that design thoughts occur in
response to visuo-spatial features only after certain
conditions are satisfied, we have not yet identified precisely
what those conditions are. What sorts of visuo-spatial
features do designers tend to use for cueing functional
issues? Is there any patterns indicating that particular visuo-
spatial cues are associated with particular functional issues?

Further, is designing in a situated way by responding to
visuo-spatial features in sketches an acquired skill that only
expert designers can enjoy? If so, what sorts of visuo-spatial
features do experts tend to be sensitive to? What sorts of
expertise are needed for using sketches in an effective way?
These are the issues to be addressed in future.

Conclusion

The purpose of this study was to explore the roles of design
sketches in early conceptual design processes. Conducting
protocol analysis, we empirically examined the cognitive
processes of a practising architect. Our examination centered
around the ways in which he cognitively interacted with his
own sketches. Our coding scheme, especially its
classification of design actions into physical, perceptual,
functional and conceptual levels, was suitable for this aim.
Observing the frequencies of and the correlations between
actions belonging to the lower three levels has led us to the
following insights, although the generality of these insights
is still an open question due to the lack of extensive number
of subjects. First, sketches serve as an external memory in
which to leave ideas for later inspection. Second, sketches
serve as a provider of visual cues for association of
functional issues. Third, most importantly, sketches serve as



a physical setting in which functional thoughts are
constructed on the fly in a situated way.
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