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Systematic methods for idea generation in engineering design have come
about from a variety of sources. Do these methods really aid ideation?
Some empirical studies have been conducted by researchers to answer
this question. These studies include highly controlled lab experiments by
cognitive psychologists, as well as experiments in simulated design
environments carried out by engineering design theorists. A key factor in
design and analysis of empirical studies is characterization and
measurement of ideation effectiveness. This paper describes four
objective measures of ideation effectiveness. The theoretical basis of
each is discussed and procedures for application of each are outlined
and illustrated with case studies.
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ognitive psychologists consider fluency and novelty as the primary

measures of ability to generate ideasHowever, this is not quite

adequate for engineering designs. As shown in Fig. 1, an engineer-
ing design must not only be novel (unusual, unexpected) but it must also
satisfy some intended function(s) to desired specifications (have desired
utility). Thus, engineering designs must be evaluated by metrics somewhat
different from those for non-utilitarian artefacts. Engineering designs do
not happen by accident; they must satisfy a set of pre-defined set of speci-
fications, even if these specs sometimes get modified as the designer and
client both get a better understanding of the design problem and design
space. Thus, design is goal oriented. A designer’s success is judged by
how well his/her design meets desired goals and how well he/she has ident-
ified the alternative ways of achieving the those goals.

A comprehensive study of design ideation must identify operating variables

www.elsevier.com/locate/destud

0142-694X/03 $ - see front matt&esign Sudies 24 (2003) 111-134
do0i:10.1016/S0142-694X(02)00034-0 111
[J 2002 Elsevier Science Ltd All rights reserved Printed in Great Britain



Figure 1 Engineering
design at the intersection of

creativity and utility.
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and key ideation components of design methods, model them in terms of
atomic cognitive processes and structures, relate them to outcome metrics,
and model interaction effects among components. Developing such a model
of design ideation will allow one to evaluate existing ideation methods and
predict performance in various conditions, and may lead to new theoreti-
caly based methods. This paper looks at only one aspect of ideation
research—the identification of metrics to measure ideation effectiveness of
design idea generation methods. These measures are the result of collabor-
ation between a mechanical design researcher and a cognitive psychologist.

Many ideation methods have been developed to aid designers generate
aternative designs. Formal idea generation methods are broadly classified
into two categories—intuitive and logical. Intuitive methods use mech-
anisms to break what are believed to be mental blocks. Logical methods
involve systematic decomposition and analysis of the problem, relying
heavily on technical databases and direct use of science and engineering
principles and/or catal ogues of solutions or procedures.

Intuitive Methods have been sub-classified into five categories®*: Germi-
nal, Transformational, Progressive, Organizational, and Hybrid. Germinal
methods aim to produce ideas from scratch. Some examples are Morpho-
logical Analysis®, Brainstorming® and the K—J Method’. Transformational
Methods generate ideas by modifying existing ones, and include methods
like Checklists®, Random Stimuli®, and PM| Method®. Progressive Methods
generate ideas by repeating the same steps many times, generating ideas
in discrete progressive steps. Examples of Progressive Methods are Method
635°, C-Sketch®, and Gallery Method!!. Organizational Methods help
designers group generate ideas in some meaningful way. The Affinity
Method*?, Storyboarding®?, and Fishbone Diagrams®™ belong to this class
of methods. Hybrid methods like Synectics* combine different techniques
to address varying needs at different phases of ideation.

Logical methods may be classified into two categories: History Based and
Analytical. History Based Methods use past solutions catalogued in some
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form of database. The German school produced catalogues of both physical
effects and solutions corresponding to a variety of mechanical functions'®.
The Russian school devised TRIZ® by collecting so-called invention prin-
ciples by examining patents from different domains. Analytical methods
develop ideas from first principles by systematicaly analysing basic
relations, causal chains, and desirable/undesirable attributes. In Forward
Steps™® one analyses variations of initia solutions. Inversion is a standard
method used in kinematics to create new types of mechanisms'’. SIT began
asavariation of TRIZ at FORD but became more general and independent
of databases®®. Surveys of idea generation methods can be found in Van
Gundy!?, Shah 3, and Kulkarni®®.

Despite severa claims and much anecdotal evidence about the usefulness
of these methods, little formal experimental evidence exists currently to
indicate that these methods are effective in engineering design to generate
concepts. Further, the rules and procedures for these methods seem to have
been specified arbitrarily, regardiess of the nature of the problem being
solved. We need metrics to experimentally evaluate the effectiveness of
these methods for different kinds of design problems.

1 Literature review

There have been sporadic attempts at studying ideation processes both in
cognitive science and design theory. The models in cognitive theories are
derived from highly controlled lab experiments involving simple and iso-
lated tasks. There is little similarity between conditions for these experi-
ments and design concept generation in the real world. On the other hand,
direct experiments using design idea generation methods in their entirety,
simulate real world design better but cannot discriminate between neces-
sary and superfluous components?:, require a prohibitive number of experi-
ments, and are unable to explain the performance of methods under differ-
ent conditions. These two types of studies have opposite ecological and
internal validity, but both types are needed to develop holistic models of
design ideation. Regardless of the ecological level of the experimental stud-
ies, one needs metrics for analysing the effectiveness of ideation methods
and processes. ldeally, the community should have some consensus on
these measures so as to provide a basis for comparing the consistency of
the results.

Several experimental methods have been used for studying the design pro-
cess and/or its associated cognitive activities. These include case stud-
ies'®2223 protocol studies®3!, and controlled tests®. There have been
some studies in the past of designers working in teams 335, Christiaans?®*°
studied individual industrial designers of varying creative levels and found
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differences in frequency of data collection and information processing.
There is not much reported on experimental studies of specific idea gener-
ation methods applied to engineering design, particularly groups engaged
in conceptual design (except studies on Brainstorming or ‘free form’ idea
generation). From analysis of ‘think-aloud’ video and audio protocols, UlI-
man et al.?” proposed the task/episode accumulation model (TEAM), a set
of ten operators to describe non-routine mechanical design. Further,
Stauffer and Ullman®® identified unique sequences of TEAM operators they
caled ‘local methods'. From protocol studies of conceptual design, Shah
et al.l° also defined a set of generic cognitive activities and patterns in
which they recurred.

Some cognitive models have been developed specifically for design team
activities. Hale®® studied industrial designers during design review sessions.
Nagy et a.** proposed a data representation for collaborative mechanical
design. Waldron and Brook® focused in the communication between and
within groups. The activities in the group can be of three categories. Gaps,
Helps, and Decisions. Leifer® measured the frequency of communication
and its relation to success rate. Each of the above studies used ad-hoc
measures of ideation effectiveness in their analysis.

There are severa areas in cognitive psychology that may have relevance
to the study of design ideation. Of these, two are of particular significance:
study of technological creativity and perception. Early attempts at
explaining technological creativity include Koestler's Bisociation Theory*”,
Wallas Model®8, and Chance-Configuration Theory®. Finke, Ward and
Smith’s Creative Cognition approach developed at Texas A& M2 served
as atheoretical impetus that spurred several research initiatives, each relat-
ing cognitive structures and processes to various aspects of creative activi-
ties. The Roadmap Theory proposed by Smith* explains creativity through
basic cognitive structures and processes, moving between mental states
from an initial problem state to a goal or solution state. Fixation corre-
sponds to dead-end branching; incubation allows escape from dead-ends.
The Connectionist theory** explains four stages of the creative process in
terms of focusing/defocusing attention, the number of nodes activated, and
activation level. It is not clear how the theory can be used to study idea
generation methods. The only measurable quantity described is cortical
arousal, which is not appropriate for this study. The Computational Model
of Scientific Insight* is based on two separate lines of research in cognitive
science—reasoning by analogy and qualitative mental models. The Gene-
plore model*® divides creative mental processes into Generative and
Exploratory. Examples of Generative processes are memory retrieval,
association, synthesis, transformation, analogical transfer, and categorical
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reduction. Examples of Exploratory processes are attribute finding, concep-
tual interpretation, functional inference, contextual shifting, hypothesis test-
ing, searching for limitations. These cognitive theories were derived either
from pure conjecture or controlled experiments that use simple tasks. The
suitability of these models for design problems that are much more com-
plex has never been investigated.

Some Al researchers tend to model the ideation process from the infor-
mation-processing point of view. For Hoffman and Kollingbaum? the indi-
vidual starts with an origina model (priori knowledge or structural
information) and some fluctuating information. This processimplies a map-
ping from the constraint space to the specification space. Schmid*” pro-
poses a model of the cognitive process that has three aspects: Operators,
Memory, and Control. Elton® classifies ideation processes into Generation
(subsuming preparation and incubation) and Evaluation (subsuming illumi-
nation and verification), stressing the role of evaluation and contending
that generation without evaluation is not creativity. According to Cross™,
the generation of creative thoughts can be described with four generalized
models, these are: Analogy, Combination, First Principles, and Emergence.
Many of these ‘models or ‘theories are pure conjectures not supported
by experiments.

2 deation measures

In order to carry out empirical studies of design ideation at any level, one
must specify how effectiveness of ideation is to be measured. Two issues
need to be addressed for this purpose—what should be measured, and how
should it be measured. Further, should the idea generation process be
evaluated, or is it better to simply evaluate the outcome, i.e. the ideas
generated? We will refer to these as process based and outcome based
approaches.

To base the evaluation of ideation methods on the characteristics of the
process rather than the outcome requires data collection via protocol studies
and analysis using ideation cognitive models. Such models must contain
a classification of cognitive process types, attributes that can be used to
recognize them, and an understanding of their role in promoting ideation,
the influence of the frequency of occurrence on the outcome, a threshold
value of frequency to have any impact, and so on. We do not have this
level of understanding of ideation today“°>>3. We did not arrive at this con-
clusion by speculation. We conducted through surveys of relevant areas of
cognitive science'237-53 in collaboration with specidists in that field. Prior
to this realization, we also conducted process based studies at first. In
an experiment conducted at ASU, generative and exploratory cognitive
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processes were identified by videotaping designers who were asked to
‘think aloud’ while they were generating ideas using the C-Sketch method?.
However, it was difficult to observe these cognitive processes. There are
no commonly agreed upon techniques to analyse the data collected from
such protocol studies®®. More importantly, the cognitive processes
described by psychologists in cognitive models such as the Geneplore
Model“°, the Roadmap Theory*® and other models described in®3, are based
on controlled experiments that involve simple problems or tasks. The
appropriateness of the use of these models in experiments involving engin-
eering problems, that are far more complex by comparison, is subject to
speculation. Further, it is difficult to directly relate the occurrence of cogni-
tive processes to the effectiveness of an idea generation method®*.

The aforementioned difficulties in process based measurement of ideation
effectiveness led us to consider outcome based metrics. The premise of
the outcome based approach is that an idea generation method is considered
effective if its use results in ‘good’ ideas. While engineers are alien to
evaluating cognitive processes they are quite used to evaluating design
ideas. We can give any set of design ideas to a domain expert and ask
them to evaluate them for a given design problem, and we will have no
difficulty getting answers from the expert. Now the question is how to
relate measures of goodness for design ideas to measures of goodness of
idea generation methods. Two basic criteria are identified for this purpose:

e how well does the method expand the design space
e how well does the method explore the design space.

Design space is the count of all possible options for a given problem®,
Design space is not fully known. A designer may start out with a tentative
set of possibilities; some of these may need to be dropped because they
do not meet requirements upon further analysis (reduction of space by
quality measurement); removal of fictitious constraints, or discovery of a
novel way of doing something would expand the design space. Thus, push-
ing the limits of design space is a good thing at the conceptual phase of
design when divergent thinking is called for. Exploring the design space
implies the number and variety of design aternatives discovered. Dylla
has shown that there is a significant correlation between the percentage of
the design space covered and quality of the final product®*. Neither of these
mentions creativity—term we avoid because of difficulty in defining this
term (and agreeing on its meaning).

Based on the above two criteria and the discussion above, four separate
effectiveness measures are proposed: novelty, variety, quality and quantity
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of the ideas generated using that method. Novelty is a measure of how
unusual or unexpected an idea is as compared to other ideas. Not every
new idea is novel since it may be considered usua or expected to some
degree and this is only known after the idea is obtained and analysed.
Variety is a measure of the explored solution space during the idea gener-
ation process. The generation of similar ideas indicates low variety and
hence, less probability of finding better ideas in other areas of the solution
space. Quality, in this context, is a measure of the feasibility of an idea
and how close it comes to meet the design specifications. Quantity is the
total number of ideas generated. The rationale for this measure is that
generating more ideas increases the chance of better ideas®>>°, Classical
literature in psychometric psychology use fluency (how prolific one is in
generating ideas) as a measure of creativity'. To calculate these measures,
the design artefact is decomposed into its desired key functions. Weights
can be assigned to each.

These four metrics measure different aspects of ideation effectiveness.
Their independence is not an issue; they are al important in measuring
one aspect of effectiveness. For example, weight and cost of a structure
are not independent, since materia cost is dependent on weight, but both
may be used as separate measures of goodness in evaluating a structure.
We will now give the details about each of these measures. Each measure
will be defined and justified, its measurement procedure described and
illustrated with the help of examples.

2.1 Novel ty

Two approaches may be taken to measure novelty. The universe of ideas
for comparison can be obtained by defining what is not novel (what is
usua or expected), preferably before analysing any data to avoid biasing.
Alternatively, we can collect al ideas generated by all participants from all
methods, identify key attributes such as motion type, control mechanism,
propulsion, etc. Then find al the different ways in which each of those
attributes is satisfied (example: motion=rotating, sliding, oscillating, etc.).
Then we can count how many instances of each solution method exist in
the entire collection of ideas. The lower the count (i.e., the less a character-
istic is found) the higher the novelty.

2.1.1 Measurement procedure

The problem is first decomposed into its key functions or characteristics.
Every idea produced is analysed by first identifying which functions it
satisfies and describing how it fulfils these functions, at the conceptual
and/or embodiment level. Each description is then graded for novelty
according to one of two approaches. It is possible to compute a total score
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for novelty for each idea, by applying the weights to each function and
stage. Overall novelty of each idea can be computed from (1)

M, = E fj E SijPre @)

i=1k=1

M, is the overall novelty score for the idea with m functions or attributes
and n stages. Weights (f;) are assigned according to the importance of each
function or characteristic in order to compute an overall score. Further,
each function may be addressed at the conceptual and/or embodiment stage
and weights (p,) assigned according to the stage’'s importance.

The calculation of S, depends on the approach chosen. For the first
approach (a priori knowledge) a universe of ideas for comparison is sub-
jectively defined for each function or attribute, and at each stage. A novelty
score S, is assigned at each idea in this universe. To evaluate the function
and stage of an idea a closest match is found in the table and the score
S, noted. For the second approach, S, is calculated from (2)

T.—C
Sy = %x 10. @)
ik

Where T, is the total number of ideas produced for function (or key
attribute) j and stage k; and Cy is the count of the current solution for that
function (or key attribute) and stage. Multiplying by 10 normalizes the
expression. This metric has also been used by psychologists to measure cre-
ativity26°,

2.1.2 Justification

The use of a measure of novelty in idea generation is of fundamental
importance. In terms of design space, novel designs occupy points that are
initially not perceived to be within the design space. Expanding the design
space offers the opportunity to find better designs that are so far not known
to exist. Many idea generation methods provide deliberate mechanisms to
view the problem in a different way, to use analogies and metaphors, to
play around by loosening the tight grip on goals that engineers generally
have.

Novelty can be assessed at multiple levels, depending upon the scale. The
simplest level is personal novelty, in which an individual discovers or cre-
ates ideas that are new to the individual. For example, even though a thou-
sand others might have solved the same problem, when one first solves an
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unfamiliar puzzle, the solution can be said to have persona novelty. A
higher level is societal novelty, in which a product or idea is new to all
people in a particular society, regardless of whether the product is com-
monplace in other societies. At the highest level is historical novelty, in
which a product or ideais the first of its kind in the history of all societies
and civilizations.

2.13 Example

We illustrate the application of the above procedure with the help of a
design problem used in a student design competition. The objective of the
design was to build a device made from a fixed set of materials and pow-
ered by a fixed volume of pressurized air. The device that travelled the
farthest from the starting position would be the winner. The group of
designs that we are considering in this example (Fig. 2, Table 3) did not
come from any particular ideation method, nor did they come from the
same person or group. But this is irrelevant because we are merely using
this set of designs to illustrate how novelty can be determined in an objec-
tive, auditable way.

We will illustrate the evaluation of this group of ideas only at the concep-
tual stage. First, one must choose the attributes on which novelty assess-
ment is to be based; this will depend on the specifics of the design problem
and objectives. For this particular case, the key functions and character-
istics were identified as:

e Propulsion/thrust method (jet, sail, paddlewheel, etc)
e Medium of travel (air, land, water)
e Moation of device (rolling, diding, gliding, tumbling,..)

Additionally, the number of pieces into which the device separated in oper-
ation was found to be another distinguishing characteristic for evaluating
novelty. Most people would normally assume that the device had to be a
single piece, i.e. this is a fictitious constraint that limits the design space
to monolithic devices. Table 3 shows the characteristics of 46 entries in
this contest and Fig. 2 shows photos of just a few of them. As is evident
from the table the most common solution was a ground based vehicle with
rolling wheels with some sort of jet propulsion. A few devices travelled
in air and only two in water—this latter choice of medium was unusual
and unexpected. There were a small number (3) vehicles that used a tum-
bling motion; again, this can be regarded as unusual. Both a peer review
and independent judges found #19 and #34 to be the most unusual. One
used a burst of energy by instantaneous release of pressure to fling a projec-
tile and the other used elastic energy of the container like a catapult. Both
broke some perceptual blocks.
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Entry #3

Entry #19

Entry #41

Figure 2 Partial set of design entries.

Using Eq. (1) for novelty, and the four attributes identified above (m =
4) with weights as follows: Thrust (f, = 0.35), Medium of travel (f, =
0.35), Mation (f; = 0.20), and #pieces in operation (f, = 0.1). Only one
design stage was used, so n = 1. For the first novelty calculation approach,
the universe of solution for each of the three key attributes is pre-defined
and values assigned to them a priori (Table 4).

There were only three levels of values chosen (3, 7, 10); thus, this set
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Table 4 Novelty scores, a priori value assignment

Novelty sub-score S

J Attribute S=3 S=7 S,=10
1  Propulsion Jet Turbine Other
2 Medium Ground Air Other
3 Motion Wheels Fly Other
4 Parts 1 2 2+

was of rather coarse granularity. The most common/expected solution (e.g.
travelling on the ground) was given the least value (3); unexpected sol-
utions given the highest value (10). Using these pre-assigned values, the
novelty scores are calculated as follows.

The attributes of each idea are scored according to the ones in the Table
4. For example, entry #1 uses a Jet for thrust (S;; = 3), Ground as the
travel medium (S, = 3), Rolling on wheels for mation (S;; = 3), and
operates as asingle unit (S, = 3). The novelty M, of entry #1 is calculated
from (1) as follows. For single stage evaluation, Eq. (1) reduces to:

4

i=1

Then for entry #1

4
My = DS, = Sy + .S, + £:S1 + £,Su = (0.35)%3 + (0.35)%3
ji=1

+ (0.2)%3 + (0.1)*3 = 3.00.

Entry #19 uses an Explosion for thrust (other —S,; = 10), Air as the travel
medium (S, = 7), gliding motion (S, = 7) and operates in 2 units
(S = 7). The novelty M; of entry #19 is calculated from (1) as follows:

4
M; = DSy = f,Sy + .S, + £S5 + 1,5, = (0.35)%10 + (0.35)7

j=1

+ (0.2)%7 + (0.1)%7 = 8.05.

The second method for computing novelty rating relies on a posteriori
classification and counting of distinct solutions ideas and use of Eq. (2).
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Table 5 shows counts of each solution for each attribute and their corre-
sponding score S, from Eq. (2). For example, since only two designs out
of 46 used water as the medium of travel (attribute 2), the individual value
of this attribute is found as follows.

T,=46, C,=2 = S, = (46—2)%10/46 = 9.56.

All' S, scores (for each attribute) have been calculated this way and are
shown in Table 5. To get the novelty score for any idea, its attributes are
compared to those in Table 5 and the scores assigned accordingly. For
example, entry #1 uses a Jet for thrust (S; = 4.35), Ground as travel
medium (S, = 2.61), rolling wheelsfor Motion (S;; = 3.48), and operates
as a single unit (S;4 = 1.52). The novelty M, for entry #1 is found from
2):

4
M, = D £S; = (0.35)%4.35 + (0.35)%2.61 + (0.2)%3.48 + (0.1)*1.52
ji=1

= 3.28.

Entry #19 uses an Explosion for thrust (S,; = 9.78), air as travel medium
(S, = 7.83), Gliding Motion (S,; = 7.17), and operates with 2 separate
units (S,, = 8.58). The novelty M, of entry #1 is calculated from Egs. (1)
and (2) as follows:

4
M, = D £S; = (0.35)%9.78 + (0.35)7.83 + (0.2)%7.17 + (0.1)*8.58
j=1

= 8.46.

It is interesting to compare the two calculation procedures for M, with

Table 5 Novelty scores, a posteriori feature counting and values from Eq. (2)

Propulsion G Medium C; S, Motion C Sz Pats C Sy
of travel

Jet 26 4.35 Ground 34 261 Rollingonwheels 30 348 1 39 152
Jet on Sail 2 9.56 Water 2 9.56 Gliding 13 717 2 7 8.58
Turbine 6 8.70 Air 10 7.83 Tumbling Vehicle 3 9.35

Turb/Paddlewheel 1 9.78

Impact 1 9.78

Hovercraft 2 9.56

Explosion 1 9.78

Paddlewheel 5 8.91

Catapult 1 978

Hover/Jet 1 9.78
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each other and with human judges. The group of competing students was
asked to evaluate the designs of their peers. The averages of these scores
are al'so shown in Table 3. A correlation study was aso conducted (Fig. 3).
The correlation between the pre and post cal culation methods was excellent
(0.944). The correlation between peer evaluation and the two calculation
methods was fair (0.624 for the post method and 0.591 for the a priori
values). It should be noted, however, that these were not evaluations done
by expert panel of judges but by the students themselves.

2.2 Variety

To measure variety, one examines how each function is satisfied. A variety
rating applies to an entire group of ideas, not an individual idea. Ideas are
grouped based on how different two ideas are from each other. The use
of a different physical principle to satisfy the same function makes two
idess very different. On the other hand, if two ideas differ only in some
secondary construction level detail, say a dimension value, the idess are
only dightly different. We elaborate on this in the following section.

2.2.1 Measurement procedure

The conceptual origins of ideas are analysed through a geneal ogical catego-
rization based on how ideas fulfil each design function. A genealogy tree
is shown in Fig. 4. At the highest level, ideas are differentiated by the
different physical principles used by each to satisfy the same function; this
is the most significant extent of finding differences between ideas. At the
second level ideas are differentiated based on different working principles
but they share the same physical principle. At the third and fourth levels,
ideas have different embodiment and different detail, respectively. The
nodes in the tree carry the count of ideas in each category at each level.

The number of branches in the tree gives an indication of the variety of

1000

Flgure3 Correlatlon Of the 123456789 NNRVBUBBTVBHNDIA2BHEIZTBIIINDDBUIBIITIBRNNR28HM4E56
three novelty measures. Entry
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Figure4 Genealogy of an
idea set.
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total # ideas-----------------

Physical principles----- <+—5S=10

Working ------ <4— $;=6
principles
Embodiment---|- <+ 5,73

Detail -+ < S;=1

ideas. If greater variety is to be valued, branches at upper levels (physical
principle differences) should get higher rating than the number of branches
at lower levels. We have assigned values of 10, 6, 3, and 1 to physica
principle, working principle, embodiment, and detail levels respectively.
These values were chosen to ensure that separation at higher levels will
always score a greater total. If there is only one branch at a given level,
it shows no variety and the score should be zero; otherwise the score should
be the number of branches times the value assigned to that level.

The genealogy tree needs to be constructed for each of the functions of a
device. Not al the functions are equally important, so one can assign a
weight f; to account for the importance of each. Then the overal variety
measure M takes the following form:

m 4
Mz = 10% > f > Sb/Mana ©)

j=1k=1

where b, is the no. of branches at level k; S is the score for level k
(suggested scores are 10, 6, 3, 1 for the four levels, respectively); mis the
total number of functions; M., iS the max possible variety score for the
number of ideas in the set. The max score obviously would be obtained if
all ideas used different physical principles. Thus, Mg is total number of
ideas times 10. Therefore, (3) reduces to

m 4
Ms = > f > Shin.

j=1k=1

For the numbers given in Fig. 4, the variety score for this function would
be calculated as follows. m= 1 (only one function being evaluated),
f, = 1; total number of ideas, n = 11. There are two branches at level 1,
five at level 2, six at level 3, four at level 4.
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M = ((2%10) + (5%6) + (6x3) + (4x1))/(11) = 72/11 = 6.54.

Of course, one does not need to conduct this analysis at these four levels
for all designs; a subset of these may suffice. For example, if the ideas do
not contain enough detail to go as far as the lowest level, and if it is hard
to distinguish between physical and working principles, one could use just
the working principles and embodiment levels.

2.2.2 Justification

Variety is an indication of how well one has explored the design space.
Ideas that differ radically in physical principle are separated by large dis-
tances in design space. This measure is necessary to counterbalance the
guantity measure. Producing a large number of ideas that differ from each
other in minor or superficial ways does not prove effective idea generation.
From a cognitive science point of view, variety in idea generation is a
measure of the number of categories of ideas that one can imagine. The
measure of variety is an indication of the multiple perspectives that one
may use in solving a problem. Often, one finds that routine or hackneyed
approaches to problems can lead to unsuccessful and uncreative ideas. In
such cases, the original cognitive knowledge structures applied to a prob-
lem are inappropriate, and insight can be achieved only through what cog-
nitive psychologists have called cognitive restructuring. The ability to gen-
erate a wide variety of ideas is directly related to the ability to restructure
problems, and is therefore an important measure of creativity in design.

2.2.3 Example

Toillustrate the application of the above measure and cal culation procedure
we ook at two example sets of ideas. The two sets of ideas shown in Fig.
5 were generated by two different students. They were asked to design
devices for a design competition in form of a game. The objective of the
game was for a semi-autonomous device to collect golf balls from aplaying
field and bring them to a storage area. The score was based on the number
and colour of golf balls collected in one minute. The two basic functions
are pick/collect balls and transport/manoeuvre device. Each student gener-
ated severa ideas; the sets of ideas generated by two of the students are
shown in Figure5. The set shown in (i) all designs appear to share the
same basic principle to fulfil the functions. some form of shovel for
pick/collect and wheels for transport. In set (ii), every idea uses a different
principle for collecting. Note also that idea b in set (ii) is aso quite novel
in transport (no wheels).

The genealogy trees for each function and each of the two sets of Fig. 5
are shown in Tables 6 and 7. Note that the high variety sets have more
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Figure5 Comparing variety
between two idea sets.

128

branches on the top, this will be reflected in the novelty scores. For this
example, there are only two functions (j = 2), Pick/Collect has a weight
of f, = 0.6 and Transport/Manoeuvre f, = 0.4. Eq. (3) is used to calculate
the variety score M.

Ms= D f > Sb/n = [f,(Sby + Sb, + Sbs + Sby) + f(Sb; + Sb,
j=1k=1

+ S, + Sby)]/n.

For the set in (i):
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Table 6 Genealogy tree for function: pick/collect

Level Score Set (i) Set (i)

K S, Levd 6 b, 6 b,

1 10  Physica | 0 4

2 6 Working 0 Positi b. f.Scoop d.Suction 2

3 3 Embodiment Scoop 0 &@gm edge 2

4 1 Detail | 6 -
Shovel

| Rotating e.Translating
2-Arm Wide Shovel / \

a C
a b ¢ d e f

Table 7 Genealogy tree for function: transport/manoeuvre
Level Score Low Variety Set High Variety Set
K S Leve 6 b 6 b
1 10 Physica | 0 — T~ 2
2 6  Working Rolling 2 Rolling b.Walking 2
3 3 Embodiment 6 4
4 1 Detail - -

%wmws\mm\ Wheels  f.Threads
a c d e b f /\

M; = 10%[0.6(10%0 + 60 + 3%0 + 1x6) + 0.4(10%0 + 6%2
+ 3%6)]/6 = 15.6/6 = 2.6.

For the set in (ii):

M, = 10%[0.6(10%4 + 6%2 + 3%2 + 1x0) + 0.4(10%2 + 6x2
+ 3x4)]/6 = 52.4/6 = 8.7.

2.3 Quality

The quality of an idea is an independent measure since it can be based on
aphysical property or ratio related to the performance of the artefact (time,
weight, energy, etc.). At the conceptual stage, quality can usualy be
adequately estimated even though there is not enough quantitative infor-
mation to do formal analysis. At the embodiment stage it may be possible
to do some quantitative analysis and ratios of expected value to desired
value of key attributes. These could be computed to quantify quality. It
should be noted that the number of design phases evaluated (physical prin-
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61 Huang, G Design for X:
Concurrent Engineering Impera-
tives Chapman & Hall, London
(1996)
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ciple, concept, embodiment, detail, etc.) will depend on the type of idea
generation method. For example brainstorming and 635 will have only one
phase (concept) while C-Sketch and Gallery may have two or three.

2.3.1 Measurement procedure

Evaluation of technical feasibility and performance of design aternatives
is the very essence of engineering. Questions, such as, “Can it get off the
ground? How fast can it go? What is the probability of failure?’ need to
be answered. Evaluation uses both analytical and experiential knowledge.
There are many domain specific procedures in each sub-discipline that are
used first to determine key characteristics of a design, such as weight, fuel
consumption, safety margin, acceleration and speed, etc. Then some gen-
eral methods can be used to relate these characteristics to design objectives.
QFD®, the Pugh matrix ¢, and Decision Tables'™ are popular general-
purpose methods for selecting between design aternatives.

Any of the above methods can be used for determining the overall quality
of a set of design aternatives generated. The only difference is that we
add all the quality scores for all the alternatives to get the total score for
the set. Thus, the quality rating M, is found from (4):

M, = Z f; Z S/ nx E fj. (4)

j=1 k=1 j=1

Sk is the score for quality for function j at stage k; m is the total number
of functions; f; is the weight for function j; py is the weight for stage k.
The denominator is for normalizing to a scale of 10.

2.3.2 Justification

The end game of engineering is to have a better (more marketable,
profitable) product. Designs can be evaluated in objective ways. Regardless
of how many designs and of a great a variety one generates, if there isn't
one that would be physically feasible or competitive, al design effort will
amount to naught. Therefore, evaluation of quality must also be included
in the overall evaluation of effectiveness of ideation methods.

2.33 Example

Evaluation of designs at conceptual, embodiment, or detailed stage is such
an integral part of engineering that it seems hardly necessary to illustrate
this with an example. Also, evaluation procedures tend to be domain spe-
cific. Nevertheless, for the sake of completeness we illustrate the procedure
with one example. We should clarify first that we are talking about evalu-
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Figure6 Four designs of

connecting linkage.

ation of design ideas and not testing of an artefact after it has been built.
So the contest results shown in Table 3 are not quality measures because
these were obtained after the device was built. We have to evaluate quality
of ideas to determine which ones should be developed further.

In this experiment, subjects were asked to design a link in a mechanism
that could transmit intermittent tension/compression and torque through pin
joints at either end. Four of the designs actually produced by the subjects
are shown in Fig. 6. There were two quality criteriaz minimum weight and
manufacturability. The constraints were structural integrity (failure
avoidance) and compatibility with adjoining links (allow relative rotation
in one direction).

2.3.3.1 Minimum weight evaluation

Domain specific rules were used to evaluate each design. This includes the
use of form synthesis rules for minimum weight structures. The annotations
in Fig. 6 indicate the application and violation of form synthesis rules.
These rules could be weighted differently to reflect their importance and

DESIGN A Hollow tube

P principle used (+1)

Mating surface
o & principle violated (-1)

No leveraging (-1)

DESIGN B Material removal
pringiple violated (-1)
Hollow tube used (+1)
Shape merging used (+1)
DESIGN C
/ Lome = Shape merging
violated (-2)
Material removal used (+1) W No leveraging (-1)
Hollow tube violated (-1)
DESIGN D

Hollow tube
violated (-1)

/WLeveraging used (+2)

Material removal used (+1)

Shape merging used (+2)
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severity of violations could carry higher penalty. But if we scored each
application of aform synthesis rule as +1 and each violation as —1. Based
on this, the scores for A, B, C, D are —1, +1, —3, and +4. (Refer to the
figure for rules applied/violated and scoring).

2.33.2 Manufacturing analysis

Manufacturing analysis is aso domain specific, using manufacturability
rules or procedures to determine the number and type of operations, setups,
standard/special tooling, fixturing, standard stock or cast/forged stock, etc.
A isthe simplest if made from standard stock with just a couple of drilling
operations. C requires a little more to remove material from the ends. B
would be difficult to manufacture, requiring non-standard turning tools. D
is the hardest to manufacture; it requires cast/forged stock and special fix-
tures. One can use relative costing methods to estimate the ratings for each.
If A is assumed to be the baseline at 10, C will be 8, B will be 4 and D
will be 1. Regarding the constraints, any of the four can be sized for a
given material to carry the loads. C and D are easily compatible; A only
if the other links are much smaller or larger; B will be the most difficult
to interface with other components.

Up to this point the evaluation is domain specific. Now let us apply a
genera procedure to get a quality rating for each design. If we apply the
evaluation only at one level, Eq. (4) becomes:

M, = ifja/n*if-,

i=1 i=1

where the two design objectives are minimum weight and maximum manu-
facturability. Suppose we make f, = 2xf,. We cannot directly add the
scores for each objective because they must be normalized to be added (be
on the same scale). Manufacturability was already scaled to 1-10. Using
the same scale for min. weight (min. score=—3, max. score=4), designs
A-D are scored as 3.57, 6.14, 1.0, and 10. So this group evaluates as:

M, = ((2x3.57 + 110) + (24614 + 1x4) + (2x1.0 + 1x8) + (210
+ 1x1))/4%(2 + 1) = 64.42/12 = 5.37.

2.4 Quantity

Quantity is the total number of ideas generated by a group or individua
during a designated amount of time or over the entire course of running
through all the steps in a given design procedure. Some methods prescribe
the number of ideas generated. For example, 6-3-5 has six ideas per par-
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ticipant per cycle. In this case, it may not be too meaningful to use this
measure unless comparing it to other methods.

Measuring the number of ideas generated raises the question, “when does
one consider two ideas as different enough to count separately?’ Since the
extent of differences between ideas is already accounted for by measuring
variety, we count all ideas that a participant submits or documents separ-
ately.

The justification for using quantity is that many believe that generating
several ideas increases the chances of occurrence of better ideas®4851.57-59,
Also classical literature in psychometric psychology uses fluency (how pro-
lific oneisin generating ideas) as a measure of an individual’s creativity*2,

3 Closure

To date we do not have any comprehensive models of design creativity
developed on scientific foundations. Such studies must systematically
identify operating variables and key ideation components of design
methods, model them in terms of atomic cognitive processes and structures,
relate them to outcome metrics, and model interaction effects among
components. Developing such a model of design ideation will alow one
to evaluate existing ideation methods and predict performance in various
conditions, and may lead to new theoretically based methods. This paper
presented one important aspect of research that will some day lead to mod-
els of design ideation. We identified four types of outcome based metrics.
Quantity, quality, novelty, and variety. We devel oped objective procedures
for evaluating each. We gave the rationale for including each of these
measures, both from a design point of view and cognitive psychology. By
means of case studies, we demonstrated how to apply these procedures.
Quantity and variety scores apply to the entire idea generation session,
while novelty and quality scores are computed for each idea. The total
quality and novelty scores are found by multiplying each idea by its
respective score in that category and summing them to get the overall score
for novelty or quality.

One question that now occurs is: Does it make sense to consolidate the
scores for all four measures into an overall effectiveness measure. Since
each of them measures something different, we feel that adding them
directly makes no sense. Even if we were to normalize them in order to
add, it is difficult to understand the meaning of such a measure. Besides,
we may be interested in knowing how one method compares to another in
terms of quantity vs novelty, etc. We can aso argue that a method is worth
using if it helps us with any of the measures.
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These measures and methodology should be applicable in al domains of
engineering design. We have refined these measures through their use in
several studiesin the past 5 years. The results of experiments are published
elsewhere?®®2, Our next task is to use these measures at multiple levels
while aligning the experiments.
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