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Abstract

Creativity of designers can be enhanced by the application of appropriate triggers. The presence of triggers helps designers
to search solution spaces. The searching of a solution space increases the possibility of finding creative solutions. Both re-
presentation and content of the triggers or stimulus to which the designers are exposed are believed to play a vital role in the
representation and content of the outcome of the designers during problem solving. We studied the effect of representation
of triggers on ideas generated by six design engineers while trying to solve a given problem. A variety of representations
(video/animation and audio, text, explanation, and others) that are potentially useful to designers for five prespecified trig-
gers were administered to each designer, who generated ideas in response to each trigger—representation combination in-
dividually. The effect of representations of these triggers on the content and representation of the solutions generated by
the design engineers was studied. The results showed significant influence of the representation of the triggers on the repre-
sentations, number, and quality of the resulting ideas that were generated.

Keywords: Creativity; Design Representation; Multimodal; Trigger

1. INTRODUCTION

In this work we support design exploration using multiple ex-
ternal representations (MERs) of knowledge triggers, so as to
help designers improve the chances of developing designs
with greater creative quality. Because a trigger is always given
using a particular representation, both its content and form (or
representation) could potentially influence the effect created
by the trigger. Although the effect of the content of the trig-
gers is generally well studied (see more in Section 2), the
influence of representation of the triggers, especially in the
context of engineering design, does not seem to have been
studied much.

The specific objective of this work is to understand the
influence of representation of knowledge triggers (called
“triggers” in the rest of the paper) on the representation and
quality of the designs generated by designers.

Many research studies have been reported where the effect
of representation is investigated on various tasks such as
learning or collaboration. For instance, Potelle and Rouet
(2003) investigated the effects of different content representa-
tions in hypermedia and whether variations in the presentation
of the information in either a hierarchical, network map, or
alphabetical list aids learners with low prior knowledge and

Reprint requests to: Amaresh Chakrabarti, Centre for Product Design and
Manufacturing, Indian Institute of Science, Bangalore 560012, India. E-mail:
ac123 @cpdm.iisc.ernet.in
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high prior knowledge of the subject. Suthers and Hundhausen
(2002) similarly reported the effects of representations on col-
laborative processes and learning, where pairs of participants
worked on one of three representations (matrix, graph, or text)
while investigating a complex public health problem. The re-
sults showed significant impact of the representation types on
the students’ elaboration of their emerging knowledge, in par-
ticular, how they stored this knowledge and whether they
would revisit this knowledge later. However, the effect of
representations of knowledge triggers on ideation tasks does
not seem to have been studied before.

Earlier work published by us (Chakrabarti et al., 2005)
demonstrated that, in general, use of triggers represented
with MERs from an inspiration provider tool called Idea-
Inspire (Indian Institute of Science, 2004) has the potential of
supporting a generation of a wider variety of ideas in design-
ers. However, the work showed that the overall impact of
using triggers, rather than how the representations were
used, influenced the process of exploration and its outcome,
that is, the kind of search processes that were triggered and
the designs that were produced as a result.

MERs have long been recognized as a powerful way of
facilitating understanding and learning (Ainsworth & Labeke,
2002). Early research into understanding learning concentra-
ted on using pictures with text to improve understanding
(Mayer, 1993). Further work focused on understanding the
impact of including animations, sound, video, and simulations
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(Ainsworth & Labeke, 2002). Many research works focused
on how specific representations influence learning and prob-
lem solving. For instance, Larkin and Simon (1983) proposed
that diagrams exploit perceptual processes by grouping
together information that makes search and recognition easier.
In addition, because descriptive representations are symbolic
in nature, they were seen as better at describing general infor-
mation, whereas depictive representations, the more iconic,
were seen as better at providing specific information about
instantiations of concrete objects (Schnoltz, 2002).

Use of multimodal knowledge for supporting some tasks in
design has also been reported. For instance, Zabel et al. (1999)
have developed a multimodal environment to support all stages
of the industrial design process. The system is meant to support
a designer starting at the very early stages of the design process
up to the production and reengineering of physical models.
This switching between the virtual and the physical world is
what they call multimodal. To deal with all those stages, the
system’s architecture comprises commercially available tools
as well as completely new developed components. Another
example is the system developed by Adler and Davis (2004)
that, based on the understanding that some information is better
conveyed verbally rather than spatially, captures and aligns
speech and sketching inputs to create a multimodal system
where the user can have a natural conversation with the com-
puter, of the sort a user might have with another person. Yet
another instance is the Digital Design Recorder Project (Gross
et al., 2001), which aims to make design transcription easier,
by helping to capture the spoken and drawn events of a design
session, and constructing a machine-searchable transcription
that serves as a pointer into the source data captured during
the design session. The three components—drawing, audio,
and text transcript—are arrayed in a multimedia document
for review and annotation. However, no specific instances
have been found in which multimodal representation has
been used specifically for aiding ideation.

The importance of using multimodal representations, par-
ticularly for generation of design proposals, has been stressed
by Chandrasekaran (1999). Chandrasekaran argues that pro-
viding perceptual cues and supporting extraction of perceptual
predicates are the two most important roles of perceptual repre-
sentations, and argues that the first is particularly important in
propose, critiqgue, and modify subtasks, whereas the second is
particularly useful in verify subtasks. Therefore, multimodal
representations should be good at triggering ideation pro-
cesses. Particularly important for the context of this paper is
his proposition that cues to memory during the propose sub-
task can be multimodal, enhancing the possibility of retrieving
design possibilities from design memory related to all percep-
tual categories and their associations. Linking this to the work
of Goel (1995) on sketching and the importance of its vague-
ness and ambiguity in allowing multiple interpretations, he
argues that ambiguous representations could potentially lead
to multiple alternative proposals.

Study of existing literature on MERs and multimodal envi-
ronments seems to indicate that, although some general and
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much discipline-specific literature exists for understanding
the effect representation on various tasks, and some design
support environments have began to emerge, little has been
researched in the general understanding of the impact of
representations on designing, and in particular that of triggers
on creative quality of ideation. Our focus is specifically on the
impact of representations used in triggers on the process of
exploration, leading to creation of new designs generated
by experienced engineering designers.

1.1. Triggers and designing

The presence of a stimulus can lead to more ideas being gen-
erated during problem solving (Young, 1987; Kletke et al.,
2001). Watson (1989) demonstrates empirically that indi-
viduals being stimulated with association lists demonstrate
more creative productivity than do those without such stimuli.

A trigger is a stimulus for something: a stimulus that sets
off an action, process, or series of events (Microsoft, 2007).
It is a cause to function or to make something happen (Oxford
University Press, 2007).

Stimulus has been defined as an agent (or something) that
provokes or promotes interest, enthusiasm, or excitement
(Microsoft, 2007; Oxford University Press, 2007). This agent
encourages an activity or a process to begin, increase, or
develop (Cambridge University Press, 2007; Microsoft,
2007). Freemantle (2001) defined stimulus as a small packet
of energy that triggers the expenditure of a much larger
amount of energy. The meaning of trigger is similar in mean-
ing to that of a number of other terms: stimulus, metaphor, and
inspiration. Generally, these provide association or analogy
between different objects that are related in some aspects,
which is the main reason for their activation. A metaphor is
an association between two concepts, through properties that
are common to both concepts (Nakakoji et al., 2000).

In engineering design, the presence of triggers helps de-
signers to search for problems, generate solutions, and iden-
tify evaluating criteria for evaluating and selecting the gener-
ated solutions. The presence of triggers also helps in the
search of design spaces (Sarkar & Chakrabarti, 2007); use
of suitable triggers can help activation of “exploration,”
which can help designers identify crucial design spaces to
direct their “search” (see Section 1.2). Thus, we consider a
trigger as “an agent that encourages exploration and search
of design spaces to begin or increase.” In summary, we take
the view that a “trigger is an agent that activates exploration
and search in design.”

1.2. Understanding search and exploration

Exploration is a process by which ill-structured knowledge is
converted into well-structured knowledge through browsing
large design spaces after determining the space within which
to search, whereas Search is a process of finding improved
designs in a given design space (Sarkar & Chakrabarti,
2007). A “design space” consists of a set of data (which
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can be problems, solutions, or evaluation criteria) that are
similar to each other in some respect. Depending upon the
relationship and the level of abstraction used, a design space
can overlap with, or subsume other design spaces. Design
space generally means “solution design space” for exploring
alternatives (Woodbury & Burrow, 2006). A design space
may consist of many problems and their respective solutions.
A “problem design space” (or simply problem space) con-
tains many similar problems, as a “solution space” contains
many similar solutions, or an “evaluation space” contains
many similar evaluation criteria.

Jansson and Smith (1991) argued that showing designers
a picture of a potential design solution to a problem prior to
a design session should result in fixation. In some sense we
are trying to find what kind of fixation of the outcome takes
place because of the administration of different kinds of repre-
sentation of the same trigger as content.

Through design experiments Sarkar and Chakrabarti (2007)
found that in designing the number of occurrences of the type
“exploration” is negligible. Next, it has been observed that
searches in the idea generation phase can be further classified
into other subcategories according to the link of an utterance
with the previous utterances, namely, “unknown solution
search,” “global solution search,” “local solution search,”
and “detail solution search.” It was also observed that similar
kinds of search are present not only in solution generation
but also in problem understanding and solution evaluation
stages. (See Appendix C for ways of finding different kinds
of searches during solution generation.)

An “unknown” or “global search” represents search in a
global solution space that is less specific than that of the local
and detailed spaces (see Appendix C). In addition, the design-
ers search first unknown or global, then local, and ultimately
detailed spaces, leading to the solutions becoming more and
more detailed. Global, local, and detailed search spaces are
visited by designers (while solving other similar problems)
whereas unknown spaces are not. Search at the higher level
in the hierarchy (such as unknown and global) include and in-
fluences searches that are in the lower level of hierarchy (e.g.,
local or detailed; Sarkar & Chakrabarti, 2007).

1.3. Content and representation of a trigger

Effective triggering depends on both the content (which trig-
ger is shown) and the representation (how it is shown) of the
trigger used.

Research reported earlier demonstrated the positive influ-
ence that triggers have in enhancing creativity or solving
engineering problems. Kletke et al. (2001) argued that stimu-
lus can lead to more ideas during the idea generation phase of
design. MacCrimmon and Wagner (1994) noted that stimu-
lus-rich creativity techniques positively impact creativity,
especially when the initial ideas have been exhausted. Liber-
man (1977) noted that playful stimuli foster creativity. While
researching many creative problem-solving techniques,
Young (1987) showed that providing appropriate stimuli
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helps to enhance creativity. Boden (1994) expressed that a
creative idea is a novel and valuable combination of familiar
ideas. Boden (1994) also argued that an agent could help by
suggesting, identifying, and evaluating differences between
familiar ideas and novel ones.

Several authors focus on obtaining a detailed understand-
ing of representations of design. For example, Goel and
Chandrasekaran (1989) found that knowledge specific to
the design of a device is required to solve redesign problems
effectively and efficiently. Chandrasekaran (1988) argued
that knowledge available to the designer and computational
efficiency of finding a solution affects selection of effective
methods for solving tasks and subtasks.

A number of methods for creation and selection of triggers
for enhancing creativity or problem solving have been pro-
posed in the past. Trigger word technique, trigger sessions,
pin cards, or pictures as idea triggers (Website 1, 2007) are
some of the creativity techniques that employ suitable triggers
for helping designers generate ideas. Chakrabarti et al. (2005)
have developed the State-Action-Part-Phenomenon-Input-
oRgan-Effect (SAPPhIRE) model of causality and used this
for selecting suitable entries as triggers from a database of en-
tries of natural and artificial systems.

Literature on analogy mainly focuses on how the content of
the analogical material is related to the design outcome cre-
ated. In contrast, in our work, the main focus is on the form
of the triggers, and understanding how this influences both
the form and the content of the final design outcomes (i.e.,
the analogical material).

2. OBJECTIVES AND METHODOLOGY

This work focuses on the specific objectives of how design
representation of triggers influence the representation and
creative quality of outcomes of the designs inspired by these
triggers. We asked the following research questions:

1. What are the most effective representations?

2. What kinds of search spaces are found using what kinds
of representation of triggers?

3. How does the representation of triggers influence the
creative quality of solutions?

4. How flexibility is influenced by the representations?

5. How does the representation of triggers used influence the
representation of solutions created using these triggers?

6. What representations does a creative designer prefer?

7. How does the order of a given set of triggers influence
the representation of the solutions generated?

8. What is the best likely order of representation?

To answer the above research questions, we first iden-
tified and categorized different kinds (modalities) of repre-
sentation of triggers. Then, we created a suitable database
that contained similar contents of triggers represented in dif-
ferent ways. Next, as a pilot study, we asked an experienced
designer to solve an engineering problem using suitable
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triggers from this database. Those triggers that were found
effective by this designer were selected for use in the
main design experiment. Different representations of these
selected triggers were then placed in separate slides in a pre-
sentation form. The sequence of representations for each
trigger was randomized. Later, each slide was shown to
six volunteer design engineers who solved the same given
problem, using each slide as a trigger. These design en-
gineers (all with a graduate degree in engineering and
with at least 1 year (average 2 years) of mechanical en-
gineering design experience and 2 years of research experi-
ence) were asked to capture each solution they generated in
white sheets, along with the number of the slide that trig-
gered the solution. Both the experiments were conducted
in laboratory setting. Even though there was no strict time
constraint, each slide was shown in the main experiment
for about 5 min. In case any designer generates an idea be-
cause of the effect of the content of a previous slide late dur-
ing the experiment, the designers are requested to capture
the idea in the same place where other ideas from the pre-
vious slide is captured.

3. REPRESENTATION OF TRIGGERS

There are many possible modalities for representation of a
trigger. Because a “trigger is an agent that activates explora-
tion and search in design,” theoretically a designer can be
triggered by any information that activated one or more sen-
ses (see Table 1).

We argue that in the earlier stages of engineering design,
designers are triggered mostly through their eyes and ears.
Thus, we concentrated on those representations that are
more widely used in engineering design. Initially, we tried
to identify suitable triggers that can be represented in all
possible representations that engineering designers might

Table 1. Possible representations

Knowledge
Acquiring Possible Possible Ways of Getting
Receptors Representations Triggers

The eye (vision
center)

Video, text, image,
graphical, shape, and
size

The ear (auditory ~ Audio Discussion: one to one,
center) group

The nose Smell of products (e.g., Smell as analysis of
(olfactory chemicals) products, used only in
sensations) certain industries such as
perfume, coffee

Analysis of products

Reading books, Internet,
analysis of products

The skin (sense
of touch)

The tongue
(sense of taste)

Texture, size, shape of
products

Taste of products (e.g.,
chemicals, food)

Taste as analysis of
products, used only in
certain industries such as
ice cream or chocolate

P. Sarkar and A. Chakrabarti

use. The triggers were chosen from Idea-Inspire (2004).
Each entry in the databases of Idea-Inspire has video, audio,
textual, and image as representations. What was missing was
a representation using graphical means, which was added.

4. DIFFERENT KINDS OF REPRESENTATION OF
TRIGGERS

Six different representations were used (see Appendix A for
details):

1. only a video as representation of the selected trigger
(visual and auditory)

2. only an image as representation of the selected trigger
(visual)

3. only a function—behavior—structure (FBS) model as
representation (verbal)

4. only data of SAPPhIRE model as representation (verbal)

5. only a simplified SAPPhIRE model (explicit) in the
form of verbs, nouns, and adjectives (link VNA, verbal)

6. only a linked SAPPhIRE model (explicit) in the form of
paragraphs (linked para, verbal)

5. PILOT STUDY AND SELECTION OF
TRIGGERS

First a design problem is selected, such that the generation
of solutions does not require any special knowledge of
a particular domain. The selected problem is shown in
Appendix B. The experienced designer (with 7 years of
design experience), who took part in the pilot study, solved
the problem using triggers from Idea-Inspire. The designer
used various search strategies to find suitable entries from
the Idea-Inspire database. Next, the designer had selected
five entries' that were very effective for him in solving
the problem given. It was assumed that these would also
be effective on others in solving this problem. These five
entries are then broken down into their corresponding basic
representations (6 for each case, 30 in total) as mentioned
above and placed in separate slides in a Microsoft Power-
Point presentation.

6. CONDUCTING THE MAIN DESIGN
EXPERIMENT

In a laboratory setting, the six design engineers (described
earlier) were asked to generate concepts to solve the same
problem (Appendix B) individually, using each slide of the
presentation above as a trigger. The slides are projected using
a projector to all the designers who have worked individually
and no interaction among them was allowed. Blank sheets

! The five entries as triggers are bat wings, expanding grill, pitcher plant
opening, sundew opening, and nested slide.
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were provided to capture the solution generated after each
slide was shown to them one at a time.

7. REPRESENTATIONS USED BY THE
ENGINEERING DESIGNERS

The representations used by the designers fall into three cate-
gories:

1. Sketches only (shown as s in the tables): This is when a
designer has only sketched the solution.

2. Explanation only (e): This is a verbal expression of a
solution without the help of any sketching.

3. Both sketching and explanation (s + e): This represen-
tation is a combination of sketching and explanation of

105

the idea in words. In general, a sketched solution is
followed by some verbal expression.

8. RESULTS AND ANALYSIS

The results of the experiment are being shown in Table 2. The
first column of Table 2 shows the trigger number in the same
sequence as provided to the designers shown in Table 2, the
second column its representation, the third representation
used by a designer (D) to express the solution generated, fol-
lowed by the type of search space found (column 4). Data for
all the designers are shown. The representation used for each
trigger in each slide is also shown as it was shown to all the
participant designers.

Data from the experiments (Table 2) are further analyzed
with the following analyses.

Table 2. Results of the experiment with six design engineers (D1-D6)

Slide No. T Representation D1 SE D2 SE D3 SE D4 SE D5 Se D6 SE
1 1 Image s+e gs 3s 3gs e gs 2s +e 2gs s+e gs e+ 3s 2gs + ds
2 1 Video S ds S gs e gs 3s 3gs S ds
3 2 Linked para S Is s+e gs e gs e Is
4 2 Linked VNA e ds s+e
5 1 Linked para e ds S+e gs e us 2s +e 2ds
6 1 Linked VNA e ds
7 3 FBS s+e gs e ds e+s gs
8 3 Sapphire 1 s+e gs e ds 3s 3ds
9 3 Sapphire 2 S Is

10 4 Video S gs 2s +e 2ls e ds e Is e+s ds
11 4 Image 2s 2ls Is

12 1 FBS s+e gs e gs S ds e+s gs
13 1 Sapphire 1

14 1 Sapphire 2 e ds

15 4 Linked para S ds

16 4 Linked VNA e ds S

17 4 FBS e+s gs S S gs S gs

18 4 Sapphire 1 S

19 4 Sapphire 2 e ds

20 2 Sapphire 1

21 2 Sapphire 2 S gs e gs

22 2 Image S Is s+e gs

23 2 Video s+e Is S gs S gs
24 5 Image s+e ds

25 2 FBS s+e gs e+s gs

26 5 Sapphire 1 e ds e ds

27 5 Sapphire 2 e ds S gs
28 3 Image S ds S gs 2s 2ds S ds
29 3 Video

30 3 Linked para

31 3 Linked VNA

32 5 Linked para

33 5 Linked VNA

34 5 FBS s ds e ds

35 5 Video

T, trigger (no.); D, response of an engineering designer; s, solution has been sketched; e, solution has been explained; sapphire 1 and sapphire 2, SAPPhIRE
constructs shown in two different slides (because one slide was not enough for all seven constructs); SE, search types (us, unknown solution search; gs, global
solution search; Is, local solution search; ds, detailed solution search; see Appendix C). The empty cells show that the designer did not generate any solution for

that particular representation.

T2
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8.1. Finding the most effective representation
(quantity)

Data from Table 2 were summarized and sorted according
to the representation to evaluate the effectiveness of each
kind of representation on engineering designers, and
Table 3 was constructed. Note that the effectiveness of
the representations is assessed in terms of both the number
of solutions generated in response to the use of each repre-
sentation, described as quantity (Table 3), and the evalu-
ation of the number and kind of search spaces generated,
described as quality (Table 4), which are further explained
in Section 8.2.

Among the six kinds of representation used, representa-
tion by image and video are of a nonverbal type and the
other four can be categorized as verbal. Table 3 shows the
number of ideas generated by the six design engineers
when a different kind of representation is shown to them. Be-
cause the total number of generated ideas is higher when
nonverbal representation is used, it can be concluded that
nonverbal representation is more effective on designers.
Thus, fluency increases with the use of nonverbal represen-
tation. Because there are two kinds of nonverbal and four
kinds of verbal representation used, the number of ideas gen-
erated per kind of verbal and nonverbal representation are
also calculated in Table 3, which also shows that nonverbal
triggers are more effective.

8.2. Finding the most effective representation (quality)

The quality of the ideas is judged by both the number and kind
of search spaces found during the problem-solving session
using each kind of representation. Table 4 shows the cumula-
tive effect of each kind of representation on all the engineering
designers. Because generation of higher levels of searches
improves the solutions more (refer to Section 1.2), we ascribe
each generation of unknown search (us) 4 points, each global
search (gs) 3 points, each local search (Is) 2 points, and each
detailed search (ds) 1 point. The total number of points awar-
ded to each instance of search triggered by a representation as
taken here is its cumulative effect on quality (Table 4).

Table 4 shows the total number of different kinds of search
spaces found for each type of representation. Because differ-
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ent amounts of different kinds of search spaces are generated
for each type of representation, and because occurrence of
higher level of searches (such as us or gs) are regarded as
more effective than the occurrence of a lower level of searches
(such as Is and ds; Sarkar & Chakrabarti, 2007), it was essen-
tial to assign points to compare the efficacy of each kind of
representation. A higher level of searches was given more
points compared to a lower level of searches. Table 4 shows
that the quality of the solutions that are generated is best when
image is used as the representation followed by video, FBS,
and others. Next, all verbal mode of representation and non-
verbal mode of representation are combined and an average
point is found. Table 4 indicates that the quality of the ideas
generated is likely to be better using triggers that are represen-
ted using nonverbal ways.

8.3. Flexibility (variety of solutions) and
representation of triggers

Table 5 was constructed from Tables 2 and 4. According to
Torrance (1979), flexibility is the ability to produce a large
variety of ideas. We consider the variety in solutions gener-
ated in terms of the generation of very different ideas (us
and gs) and in terms of the generation of less different ideas
(Is and ds). This one could be considered flexible if we can
generate both very different and very similar solutions—the
number of different search spaces generated uniformly. This
is because as a designer searches different search spaces the
designers generates different kinds of solutions, and when
the same design spaces are searched, the designer would gen-
erate solutions that are relatively similar. A designer could be
considered flexible if one can search various kinds of search
spaces that are both different and same uniformly. Table 5 has
been derived from Table 4. In Table 5 the percentage of
different kinds of search spaces found is calculated and
standard deviation (SD) is also calculated. Next, the average
standard deviations for nonverbal and verbal representation
are calculated. A smaller SD value means that the data are
more uniform. Table 5 shows that for nonverbal representa-
tion the outcome is more uniform. This shows that the variety
of ideas gets increased when the triggers are represented
nonverbally.

Table 3. The effect of representations on the number of ideas generated

General Representation Representation No. of Ideas % General Representation Average® Average Average (%)
Nonverbal Image 22 27.85 Nonverbal 38/2 19 64.96

Video 16 20.25 Verbal 41/4 10.25 35.04
Verbal SAPPhIRE 14 17.72 Total 29.25

FBS 14 17.72

Linked para 10 12.66

Linked VNA 3 3.80

Total 79

2Total number of ideas/kinds.
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Table 4. Effect of representation on the quality of the generated ideas
Total
us gs Is ds usp (us x 4) gsp (gs x 3) Isp (Is x 2) dsp (ds x 1) Points
Image 0 12 4 6 0 36 8 6 50
Video 0 8 4 4 0 24 8 4 36
SAPPhIRE 0 4 1 9 0 12 2 9 23
FBS 0 10 0 4 0 30 0 4 34
Linked VNA 0 0 0 3 0 0 0 3 3
Linked para 1 3 2 4 4 9 4 4 21
Total (79) 1 37 11 30 4 111 22 30 167
Average AP
Nonverbal (image + video) 86/2 43
Verbal (others) 81/3 27

us, unknown solution search; gs, global solution search; Is, local solution search; ds, detailed solution search (see Appendix C); usp, unknown search point
calculated as the value of us multiplied by 4; gsp, global search point (gs x 3); lasp, local search point (Is x 2); dsp, detail search point (ds x 1); AP, average point.

8.4. Mapping triggers representation with the
solutions representation

The representation of the solutions are mapped with that of
the triggers and shown in Table 6.

As explained in Section 7, representations that the design-
ers have used to express their solutions are either a sketch (s)
or verbal explanation (e) or both (s + e). Although calcula-
ting, for each s + e generated we have increased the total
number of s by 1 and total number of e by 1 (to calculate total
s or e) and also separately represented them under s + e.

Table 6 shows that total number of s (see column 2) is high
compared to e (see column 3), for nonverbal representations
such as image and video; one can say that when the nonverbal
mode of representation is used for triggering designers, they
tend to represent their outcome by nonverbal means.

Table S. Flexibility

Similarly, verbal modes of triggering designers are more in-
cluded to represent those using verbal ways.

Table 6 also shows that the total number s generated during
the entire experiment is higher than that of e, leading us to
believe that that designers generally prefer to represent their
solutions nonverbally. One possible reason can be physiolo-
gical; when designers generated a very different (new) solu-
tion the designer may feel the necessity of explaining it using
a sketch, or else others may not understand. For trivial or sim-
ple solutions, the designer might assume that only verbal
explanation would be enough.

Because the correlation between the values of s (21, 13, 7,
11, 6, 0) of all six types of representations and corresponding
values of s +e (6, 3, 1, 7, 3, 0) for them and that between their
e(7,6,8,10,7,3)and both s + e are similar, it can be said that
designers equally prefer to represent a solution by first

us gs Is ds Total SD
Image 0 12 4 6 22
% 0.00 54.55 18.18 27.27 22.73
Video 0 8 4 4 16
% 0.00 50.00 25.00 25.00 20.41 43.14
Sapphire 0 4 1 9 14
% 0.00 28.57 7.14 64.29 28.87
FBS 0 10 0 4 14
% 0.00 71.43 0.00 28.57 33.76
Linked VNA 0 0 0 3 3
% 0.00 0.00 0.00 100.00 50.00
Linked para 1 3 2 4 10
% 10.00 30.00 20.00 40.00 12.91 125.53
0 30 20 40
Average (SD)
Nonverbal 43.14 (2) 21.5698
Verbal 125.53 (4) 31.3833
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Table 6. Mapping trigger representations with the representations
of the generated ideas

Total s Total e Both (s + e)
Representation
Image 21 7 6
Video 13 6 3
SAPPhIRE 7 8 1
FBS 11 10 7
Linked para 6 7 3
Linked VNA 0 3 0
Total 58 41 20
General representation
Verbal (others) 24 28 11
Nonverbal (image and 34 13 9
video)
Correlation
s —(s+e) 0.75
e—(s+e) 0.71

Pearson correlation was used; p < 0.02 for both values.

sketching and then explaining the sketching or first explain-
ing the idea and then sketching the idea.

8.5. Mapping designers performance with their
solution representation

We have tried to identify here the most creative designers
among the six involved in the experiment. Because search
at the higher levels of search hierarchy (Section 1.2) increa-
ses the chances of the resultant solutions to be more creative,
we gave points to each kind of search (as before) carried by
each designer, aggregated the total number of points for
each designer,” and compared them to find the highest scor-
ing ones as the most creative designers (Table 7).

Table 7 demonstrates that designers D1 and D2 are the most
creative. The table shows that most creative designers on
average prefer to represent their ideas using nonverbal
representations (for some others this would also be applicable).

8.6. Effect of the order of representation on idea
generation

Each sequence in Table 8 denotes a total of five slides shown
serially to the designers. Each cell shows the number of ideas
generated by all the designers taken together in response to
the specific trigger shown in a specific representation in
that step of the sequence. Note from Table 2 that the various
representations that are used in expressing the triggers are
administered to the designers randomly. Table 8 shows that,
irrespective of the representation of triggers that is adminis-
tered first, the representations that are appear first have
more effect (i.e., lead to generation of a larger number of

2 Regarding allotting points, the assigned scores are based on the condi-
tion that us should be assigned more points then gs, and so on. Thus, we
have assigned 4 points to us, 3 to gs, 2 to Is, and 1 to ds.
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Table 7. Finding the most creative designers

D1 D2 D3 D4 D5 D6

Representation
Sketching (s) 12 15 5 8 8 10
Explanation (e) 13 5 7 10 2 4
Sum 25 20 12 18 10 14
Both (s + e) 6 5 1 3 1 4
Percentage
s 48 75  41.67 4444 80 7143
e 52 25 5833 5556 20 @ 28.57
Searches
Unknown us 0 0 1 0 0 0
Global gs 5 9 5 7 5 6
Local Is 3 5 0 2 1 0
Detail ds 11 1 5 6 3 4
Total no. of ideas 19 15 11 15 9 10
Points
usp X4 0 0 4 0 0 0
asp X3 15 27 15 21 15 18
Isp X2 6 10 0 4 2 0
dsp X1 11 1 5 6 3 4
Total 32 38 24 31 20 22

While calculating, for each s 4 e generated we increased the total number
of s by 1 and total number of e by 1 (to calculate total s or ) and separately
represented them under s + e. us, unknown solution search; gs, global
solution search; Is, local solution search; ds, detailed solution search (see
Appendix C); usp, unknown search point calculated as the value of us
multiplied by 4; gsp, global search point (gs x 3); lasp, local search point
(Is x 2); dsp, detail search point (ds x 1).

ideas) on the designers than those administered progressively
later. Table 2 also shows that designers tend to generate more
ideas in the beginning of the experiment; this is possibly
because they would have more patience, concentration, and
enthusiasm (motivation) in the beginning of the experiment.
Another possible reason is that those shown later still have the
same content, and only the representation is different; there-
fore, what was possible to be triggered from them is derived
from their earlier representations, and little is left to be trig-
gered later.

Table 9 shows the entire series of 30 slides shown as five
sequences, in which each sequence denotes 6 slides, and

Table 8. The effect of the order of any representation on idea
generation

Sequence T1 T2 T3 T4 TS5 Total
1 11 (1) 4 3 6 1 25
2 7(2) 1 5 3 2 18
3 5(5) 0 1 1 2 9
4 1 (6) 2 5 1 0 9
5 4 (12) 2 0 3 0 9
6 1(13,14) 5 0 1 2 9

T1-T5 represent different triggers. Sequence shows the sequence of
different representations that were shown to the designers irrespective of
the type of representation (verbal or nonverbal). The slide number is
shown in parenthesis only for the first trigger (refer to Table 2).

T9
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Table 9. The effect of the order of representation

Sequence Video Image SAPPhIRE Linked VNA Linked para FBS Total
1 7 11 6 1 4 3 32
2 6 3 1 1 5 4 20
3 3 2 1 1 1 3 11
4 0 1 2 0 0 2 5
5 0 5 2 0 0 2 9

each slide has a different representation. The table shows that
when a trigger is given to a set of designers the nonverbal
representations have more effect on them than verbal ones.

9. DISCUSSION

Some of the findings were predictable. It was anticipated that
sketching would be a more common way of representing
solutions for designers than other ways. Another was the like-
lihood that, regardless of in what order the triggers are pre-
sented, the earlier ones would get more attention than the later
ones. It was also anticipated that images would be more inter-
esting and therefore more attention catching than the verbal
triggers. However, whether this greater attention would turn
into a greater number or quality of solutions was not clear.

More results turned out to be different from anticipated.
The first was the strong influence that the kind of representa-
tion that triggers had on the kind of representation of the so-
lutions generated. Because the kind of representation of trig-
gers also had a strong influence on the number and quality of
solutions, this was an important finding in this work.

We had anticipated that video would draw the most atten-
tion; it might be the most influential of the triggers. Unexpect-
edly, images turned out to be the most influential. Similarly,
among the verbal representations, as used in this paper, we
had felt the graphical ones would be the most influential as
they would provide clearer and a more detailed account of
the functionality of the triggers. It turned out that the more
textual representations yielded greater results. This is also
in contrast to what was predicted by Larkin and Simon
(1987).

We also thought images would generate more detailed
searches, whereas textual ones would generate more general
searches. In reality, the findings indicate a relatively uniform
array of searches triggered by the images, whereas textual
ones do not show any specific pattern.

The empirical findings do not point to a clear explanation,
although the degree of attention drawn by the triggers seems
to be an important (but not the only) factor. The motivation of
the designers could be another factor that might be relevant,
and needs to be investigated in greater detail.

There are some inherent limitations of this work detailed
here. Even though we have taken considerable care to keep
the depth of explanation or the detail of the information pro-
vided in each kind of representation the same, we believe that

the contents are not exactly the same across representations.
This is because each representation has different advantages
and disadvantages in terms of expressing the content of a trig-
ger. For example, a video is inherently better in showing the
dynamic aspects of the content, whereas the verbal mode is
better in terms of explaining the behavior of a trigger, and
an image could be used both for explaining the internal and
the external structure of a trigger.

One observation during the analysis was that the designers
predominantly expressed their outcome in nonverbal ways.
One possible reason could be that designers are predisposed
to nonverbal modes of expression and when they are triggered
using nonverbal means the outcome tends even more toward
nonverbal mode of expression (discussed in Section 8.4).

10. SUGGESTIONS FOR USE OF TRIGGERS

Suggestions can be drawn from the above analysis that when
triggers are to be applied by designers, the following point
should be noted: for a given content of a trigger representation
nonverbal representations could be followed by verbal repre-
sentations to make a trigger more effective. Thus, it is better to
represent the content first using videos and images followed
by explanatory texts and linked texts.

11. CONCLUSIONS

Using design experiments we observed how the representa-
tion of a trigger influenced the efficacy of the trigger on in-
spiring solutions in engineering designers. Analyses of the ef-
fects of both nonverbal (image and video) and verbal (FBS,
SAPPhIRE model, and two kinds of linked representations)
representations have shown that nonverbal expressions were
more effective as triggers than verbal expressions. In addition,
designers were found to represent ideas predominantly non-
verbally when triggered nonverbally, and verbally when trig-
gered verbally. It has also been found that a nonverbal expres-
sion of triggering seemed to enhance the quality of the
solutions generated. It was also noticed that representations
earlier in the order, though with the same content of a trigger,
were more effective. Again, nonverbal representations when
preferred over verbal representations in a sequence (when
the same content of a trigger is applied) is more effective.
Many of the findings remain unanticipated and unex-
plained. A more comprehensive theoretical development
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must follow to explain the findings. This notwithstanding,
some suggestions have been made from these to make appli-
cation of triggering more effective.
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APPENDIX A. REPRESENTATION OF TRIGGERS

A.1. Only video as representation of the selected
trigger

Each selected entry (trigger) has a corresponding video. This
placed in a separate slide in the presentation made (see
Fig. A.1).

A.2. Only image as representation of the selected
trigger (visual)

Each selected entry (trigger) has a corresponding image. This
placed in a separate slide in the presentation that was made
(see Fig. A.2).

A.3. Only the FBS model as representation (verbal)

The definitions of function, behavior, and structure used here
are from Chakrabarti et al. (2005):

e function: descriptions of what a system does: it is inten-
tional and at a higher level of abstraction than behavior

e behavior: descriptions of how a system does its function:
this is generally nonintentional and at a lower level of
abstraction than function
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Fig. A.1. Video or animation.

Fig. A.2. Image.
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BATS

FUNCTION

P. Sarkar and A. Chakrabarti

Tnlike most birds, bats are able to fly at relatively low speeds with extreme maneuverability.

STRUCTURE

The wing is a thin, fleshy membrane supported near its leading edge by the greatly elongated bones of the forelimb and second finger, and
toward the tip and rear by the even more attenuated third, fourth, and fifth fingers.

It is attached along the midline of the trunk and outward-directed legs, and in various species it extends between legs and tail. Only the first
finger, or thumb, 1z free, and in most bats it alone 15 clawed, together with the toes.

This structure enables bats to vary dramatically the convexity of the wings and thus their aerodynamic lift.

Thin, whippy bones, stretchy skin, and wings that billow and change their shape with every stroke are responsible for the flight

The figure shown alongside illustrates the difference between the bats and birds wings.

The bones of a bat's fingers have adaptations that promote bending.

Also, the cross section of the finger bone is not circular, as is the bone in a human finger, but flattened.

This shape further encourages flexion (think about how much easier it is to bend a soda straw if you first give it a squeeze to flatten it).
It was found that not only are flexible bones vital for bat flight, but so too 13 the skin that covers the hand-wing,

The skin of most mammals can stretch equally in every direction, but bat-wing skin has many tumes more "give" along the direction
between its body and its wingtip than it does between the leading edge and the trailing one.

BEHAVIOUR

TWhen the skin billows out as the bat flies, it is stiff enough to transmit substantial force along the length of the wing and generate lift.

In fact, if the skin were any stiffer, the delicate finger bones, despite their flexibility, would probably break

Unsteady airflow and flexible airfoils is the province of bat flight, unlike a commercial aitliner.

Mocturnality gives bats many advantages, such as greatly reduced competition for insects and other food items, substantial freedom from
attack, and protection from overheating and dehwdration, to which bats are especially liable because of their enormous skin area relative to

their size.

EBecause the complex movements of a bat's bones and skin do not require intricate muscular control, engineers still might try ther hand at
mimicking the bat's complicated but passive wing-designing a structure whose variable flight surfaces wouldn't require a motor at every

joint.

Probably dizembodied bat wings will also become an attractive option for flyers of medium scale or small, unmanned reconnais Tnée

vehicles.

Fig. A.3. The function—structure—behavior of an entry.

e structure: structure is described by the elements and in-
terfaces of which the system and its immediate interact-
ing environment are made

For an example, see Figure A.3.

A.4. Only data of SAPPhIRE model as representation
(verbal)

A more detailed model for describing the FBS of products is
used. In a recent study (Chakrabarti et al., 2005) the product
characteristics in an FBS model has been subdivided into
seven elementary constructs. We use this model to assess the
relative degree of novelty of products. The seven elementary
constructs of this model are the following:

1. action: an abstract description or high level interpreta-
tion of a change of state, a changed state, or creation
of an input.

2. state: the attributes and values of attributes that define
the properties of a given system at a given instant of
time during its operation

3. physical phenomenon (PP): a set of potential changes
associated with a given physical effect for a given organ
and inputs

4. physical effect (PE): the laws of nature governing
change

5. organ: the structural context necessary for a physical
effect to be activated

6. input: the energy, information, or material requirements
for a physical effect to be activated; interpretation of
energy/material parameters of a change of state in the
context of an organ

7. parts: a set of physical components and interfaces con-
stituting the system and its environment of interaction

These constructs and links are taken together to form a
model of causality known as the SAPPhIRE model (see
Fig. A.4).

The relationships between these constructs are as follows:
parts are necessary for creating organs. Organs and inputs are
necessary for activation of physical effects. Activation of
physical effects is necessary for creating physical phenomena
and changes of state, and changes of state are interpreted as
actions or inputs, and create or activate parts. Essentially,
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actions

{Iﬂter‘preted as

———— (change of) state

create

331D

physical phenomena

Interpreted as

I create

Physical effects

/ctivate\

— inputs organs

create

(current subset of) parts «—

Fig. A.4. The SAPPhIRE model.

there are three relationships: activation, creation, and interpre-
tation (Fig. A.5.)

A.5. Only simplified SAPPhIRE model (explicit) in the
form of linked VNA as a trigger (visual and
verbal)

Actions are described using a list of verbs, nouns, and adjec-
tives/adverbs. For instance, the action of feeding is described
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using “feed” as a verb and with no specific noun or adjective
as qualifiers:

ACTION: {A1$V < feed > A <> N <> §}

A state change is also described using a phrase. In this case,
one such state change is “from rest to reciprocating motion”:

STATE: {SS1 $ From rest to reciprocating motion $}

Physical phenomena are also expressed in terms of verbs,
nouns, and adjectives. For instance, the physical phenomenon
of “production of a chemical” is described using the
verb “produce” and the noun “chemical” with no specific
adjectives:

PHYPHENOMENON: {PP1$V < produce > A
<> N < chemical > $}

Physical effects are described using the name of the effect,
for example, “stimulus—response effect”:

PHYEFFECT: {PEI § stimulus - response effect $}

An input is represented using a verb, noun, and/or an adjec-
tive. For instance, an input “electrical signal” is described using
no verb, the noun “‘signal,” and the adjective “electrical”:

INPUT: {I1 $V <> A < electrical > N < signal > $}

BATS

ACTION
To navigate from one place to another.

STATE
The bat is at rest.
The bat is flying.

PHYPHENOMENON

The larynx produces high frequency
sound waves,

The ears receive sound waves.

The brain gauges the distance.

The brain gauges the character.

PHYEFFECT

Compression and rarefaction effect.
Energy conversion effect.

Data interpretation effect.

Data interpretation effect.

INPUT

The electrical impulses.
The sound energy.

The sound energy.

The data.

ORGAN

Presence of contact between the larynx and the air.
Presence of contact b/n ears and reflected sound waves.
Presence of connections b/n ears and brain.

Presence of connection between the ears and the brain.

PARTS
Larynx.
Ears.
Brain.
Brain.

Fig. A.5. SAPPhIRE model constructs.
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An organ is currently described with the help of a phrase that
describes the organ. In the example case, one such organ is “the
ability of the scent gland of the Venus flytrap to produce appro-
priate chemicals for scent emission”:

ORGAN: {O1 $ the ability of the scent gland to produce

appropriate chemicals that emit the scent $}

Parts are defined described with the help of a phrase that
describes the part. In the example case, one such parts is
“belt pair’:

PARTS: {P1 $ belt pairs $}

The links between these individual fragments of knowl-
edge are represented using ordered lists. For instance, the
above knowledge fragments are linked together by linking
the action with physical phenomenon with the physical effect
with the input with the state change with the organ with the

P. Sarkar and A. Chakrabarti
part, and is represented as the following link:
LINK: A1-SS1— PP1-PE1-11-0O1-PI. (Al

= action 1, SS1 = state change 1, PP1
= physical phenomenon 1, PE1

physical effect 1, I1 = input 1, O1
= organ 1, P1 = part1).

This representations are linked explicitly in a template
showing exactly how the constructs are related to each other
(see Fig. A.6).

A.6. Only linked SAPPhIRE model (explicit) in the
form of paragraphs (linked para) as a trigger
(visual and verbal)

As explained in the previous subsection, the representation is
also done in linked para form. The contents of this represen-
tation are similar to “Only data of the SAPPhIRE model as
representation (verbal),” but these data are linked to each
other showing the relationship among them (see Fig. A.7).

Al-V -navigate N-X A -X.
A2V -deploy W-X A-X.

Action

T Interpreted as
(Change of) State

C31-from rest to navigation

T Create
Physical phenomena

FP1-V - produce . M - sound-waves . Aj

FP2-V - recewe . M - sound-waves . 4 -
PP3-V - gauge . M - distance . & - 3.
PPAST - ganoger W - chararter & - % LI

Create

Jing Structure

j‘ DPrev H Mext ‘

Physical Effects

|;III||«« (13 »||§5|
|

Ls

PE1-compression & rarefaction =
PEZ-energy conversion — sound to electric =

TR 4

| 03. Bat Flight

Artivate

Input argans

g _ I
LI Prev Next

I1-V -3 1T - impulses . & - elect
I2-V -3 I - energy . A - sound |
I3-V -3 I - energy . A - sound |
4-V -3 N-data A -3

O1-contact bin larynx and air

O3-connections bin ears and brain
Od-connections bin ears and brain

4881:8

JIS1 051 C51PFIPEIITIOL P
IS1 081 CE1PP2PE2IZ O2 P2

Parts
P1-larynz
Pl-ears
3 Pabrain
= P4 brain

Fig. A.6. The SAPPhIRE model explicitly linked in a simplified manner.

O2-contact bin ears and reflected sound-waves

| Back
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X
IR FEA TR0

-

Bats nawigate from one place to another by flymg

To navigate fom one place to =l

DETATLE

i1 att. They do g0 by using thew wings. This can be another.
interpreted as a change of state from restto : |
navigation. This can be discussed as follows: The Action
laryre (part) produces high frequency sound T Interpreted as
waves (physical phenomenon). This iz due to the (Change of ] State
The bat is at rest. The batis =) ol
e fiyng -
=
T Create
Physical phenomena
The larynz produces high ﬂ
frecuency sound waves. The
ears recetve sound waves.
Create
Physical Effects
Compression and rarefaction 2
effect. Energy conversion
e j effect. Data wierpretation _
- | A [l
Actvate
Input Organs
The electrical inpulses. 1 Presence of contact between the laryns and the air. Presence 2
The sound energy. The of contact b/n ears and reflected sound waves. Presence of
sound energy. The connections bin sars and bran, Presence of connection
data. # =l
ik /'
Create
1151081 CS1PP1PEII1 O1P1 i Kauts
1I51 051 CE1 PP2PEZIZ O2F2 =l Laryns Ears. Bram. =]
arw wikipeda com Feat:
i | mme |[ Ba

|BATFLIGHT kxt - Motepad

Fig. A.7. The linked SAPPhIRE model (explicit) in the form of paragraphs as a trigger (visual and verbal).

APPENDIX B: THE PROBLEM

Design conceptual solutions for a foldable roof for a cruise. A small
restaurant runs on the open space of the cruise and the roof is generally
open. The roof needs to be used during midday to avoid scorching sun-
shine and during rain. The rough dimension of the open space is about
50 (length) x 10 (breadth) x 10 (height) m (see Figs. B.1 and B.2).

APPENDIX C: TERMS RELATED TO SEARCHES
OF SOLUTION SPACES

The characteristics of different kinds of searches are provided below.
For the purpose of illustrating let us assume the following given de-
sign problem: design a system that can drill a hole in a material in any
direction and whose direction can change while the drilling is in
progress.

C.1. Solution generation

C.1.1. Unknown solution search

e This occurs when a designer find a new solution while
searching an unknown solution space.

It is not presearched, that is, the designer did not have
any idea about any possible solution of any problem
that lies in that space.

o [tis characterized by identification of a “new function”/action.
e If the function of the product is compared with that of
other products, and this function does not exist in any
other product, this is an unknown idea space search.
Example: “Use of 3-D laser cutting for soft material”
(that such a technology could be used was “unknown”
to the designer).

C.1.2. Global solution search

e This occurs when a solution is generated through the
search of a global solution space. The designer might
have modified the solution after retrieving it from that
space. This solution belongs to a new global solution
space, that is, it does not belong to any previously vis-
ited global solution spaces.

e New ideas are found through a search of the global
search spaces.
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R e S . L1

Fig. B.1. Problem 1 details, part 1. The circled area is the place where the solution is supposed to fit.

e These searches are recognized by a new solution belong-
ing to a new domain or a change in perspective.

e The new solution is dissimilar from other previous solu-
tions in terms of “state change,” “input,” “physical ef-
fect,” “physical phenomenon,” “organ,” and “parts.”

e Example: “Use microrobots.” Robots have been used
in the manufacturing industry in many countries, but
it was a global search for the designer, as such an
idea, that was used for the first time in solving this par-
ticular problem. The solution as such is not novel, but

Hood is required

from here

Side view

A

to here

Length=50 m

]

Breadth= 10 m

Top view

Fig. B.2. Problem 1 details, part 2.
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its use is also the solution, which is different from the

previous idea in terms of “state change,” “input,” and
others.

C.1.3. Local solution search

e New ideas are found through searching of the local
search space.

e A local search space is within a global search space; the
ideas are similar in terms of input and action, but differ-
ent in the physical effect, physical phenomenon, organ,
and parts used.

e Example: “use of remote controlled drilling system.” Here
the designer uses a new physical effect for this solution,
the existing system being a standard drilling system.

117

C.1.4. Detail solution search

New ideas (or modification of the local idea) are found
through detailed searching of the detail search space.
Solutions in the detail search are similar to those in a local
search in terms of the same state change/action and PP and
PE. However, they are more detailed, and it looks as if one
has zoomed into the space to have better clarity on a small
setofideas. The differenceis only in terms of organ and parts.
This is identified when there is a change in partial struc-
ture, addition of another structure, or modification of the
same structure to do other subfunctions.

Example: “. . . use microrobots that are fitted with a craw-
ler, have a laser for cutting, and have three stepper motors
for three axis movement” (the designer is detailing a so-
lution that has already been generated earlier).
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