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1. INTRODUCTION

Design has been expressed as a phenomenon of exploration and search,'? Explorstion and search
are similar 10 idea linding since both are divergent processes, where a number of ideas need 1o be
considered before selecting the best ones. These are also important elements of design creativity®
since creative design is generation and exploration of new search spaces.” Search and exploration
of design spaces enhance creativity of designers — a necessary ingredient of engincering design.?
Designers continuously search and explore design spaces 10 generate or identify solutions.®

Design space has been defined as consisting of a sel of concepts (which can be problems, solutions or
evalustion criteria) that are similar 1o each other in mﬂq!ana_uuﬂ.._ Search in gencral can be expressed
as the process of inding new or improved problems. solutions or evaluation criteria within a design
space | See Figure 1), Exploration, in general, can be seen as a process by which different design spaces
are identified, within which search can be carmied oul 1o find pew or improved problems, solutions or
evaluating criteria by well structuring the design knowledge (See Figure 1)

We conducied a senies of ohservabional sdses wath both Eiunﬁ-nﬂa_uﬂwuﬂunim.ﬁ.ﬁ.ﬂnﬂq-
ing out vanous design tasks within a laboratory setting.” 11 was found that designers predominantly
searched rather than explored. Designers directly genermed a solution (i.e., search ook place) insteacd
of lirst finding a design space and then looking for solutions in it, Le., exploration did mot take place.
Designers jumped to a solution in a design space instead of first identifying and analyzing the boundary
of the de<ign space and then trying to find sohstions in that space. Similar procedures are followed by
the designers observed also during problem understanding and solution evaluation.

From these studies, four different kinds of search (viz. unknown, global, local and detail ) were found
to ocour consistently ineach of the three phases of design problem solving (viz. problem understanding,
solution generation and sofution evaluation). Thas, 12 different types of search are identi Ged ( Figure 2).
These search types are related to one another. Each search ata higher level may contain many searches
ol lower levels — Le., occumence of higher-level searches (1.e., unkoown search or “us’, and global
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search or “gs” ) in the hierarchy enhances the occurmence of ower level searches fic . local search or
“Is", el et search or “ds” ). Sarkar and Chakrabarn (2007 ) explain bow these 12 search types can be
identifed in ranseriptions. The greater the number of these searches carried oun in o design process,
the greater is the number of outcomes generated. and the greater is the subseguent creativity guality
of the final outcome from the design process.”

Designers have been found 1o tvpically search, first unknown or global, then lecal, and ultimately
detailed design spaces, leading 10 the emerging solutions, problems or evaluation critenia hecoming
more detailed “Global®, ‘local’ and “detailed” spaces are those that hive been previously visited by
designers {while solving other similar problems), while ‘unknown’ spaces have nof been. Each search
is directed 1o fimding potential problems, generating solutions or dentilying evaluation criterin, Design
spaces ol hagher levels in the hierarchy (e g . “unknown® or “global”) inclisde design spaces an the lower
levels of the hiersrchy (e.g.. “local” or “detailed’ ). For instance, a *global problem spoce” might contain
many “local problem spaces” and “detailed problem spaces”; leading 1o expression of several potential
problems af varous levels of detail {see Figure 25,

2. OBJECTIVES

Creativity methods are vanously effective in designing. Some are effective in problem understanding,
e.g. ‘Bug listing” ® or *150Q"." some in solution generation. e.g. ‘Mdeal design’ * or ‘Brainstorming” '
while others in solution evaluation, e.g. ‘Matrix based evaluation methods” "' The objective of this
work s 1o develop a means for wentifying ithe design phases in which a given ereativity method and a
designer are more cffective.

3. RESEARCH METHODOLOGY

The individual effects of four chosen creativity methods on the quality of the outcome in the design
processes in which the methods are used are investigated, by assessing the effect of ihese methods on
each phase of design problem solving., Then, the performance of each designer while using each of
these methods is analyred. Next, on average how each method has influcnced a designer’s performance
is estimated. This is done by comparing the effect of each method oo design vatcome relative to thar
using the other methods, and by assessing the average effect of each method across all the designers.

Since search is an integral part of design, and generation of more number (quantity ) of different
kinds of search spaces (variety ) increases the creative quality of the eventual outcome of the design.”
Thus, cie could argue that the outcome of a creativity method can be wsessed in terms of the number
of each 1ype of concept searches (problems. solutions and evaluations) in each phase of design (vie
Problem wnderstanding, solution generation and solution evaluation),

T compare the outcome of vanious design methods, video protocols of a senes of design experiments
conducted earlier '? are used. There were eight design experiments in which six designers partici paged,
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1. INTRODUCTION

Design has been expressed as o phenomenon of exploration and search. ' * Exploration and search
are similar to idea finding since both are divergent processes, where a mumber of ideas need 10 u_n
ﬂﬁianuﬁ_.inﬁr.n ting the best o ones.* These are also imporant clements of design creativiny®
since creative design is generation and exploration of new search spaces.” Search and exploration
of design spaces e enbance creativity of designers — a nﬂﬂi.ﬂﬂmﬂ_iﬂtﬂnaﬁg.
Designers continuously search and explore design spaces 1o generate or identi ify solutions.®

Design space has been defined as consisting of a set of concepts _.E_.Hr...-ndnu...&_ﬂﬂn solutions or
evaluation criteria) that are similar to each other in some respect.” Search in general can be expressed
as the process of finding new or improved problems, solutions or evaluation criteria within a design
space (See Figure 1). Exploration, in general, can be seen as a process by which different design spaces
are identificsd, within which search can be carried out o find new or improved problems, solutions or
evaluating criteria by well structuring the design knowledge (See Figure 1)

We conducted a series of observational studics with both novice amd experienced designers carry-
ing out various design tasks within a laboratory setting.’ It was found that designers predominantly
searched rather than explored. Designers direcily generated a solution (i.e.. search took place) instead
of first finding a design space and then looking for solutions in it, Le., exploration did not take place.
Designers jumped 1o a solution in a design space instead of first identifying and analyzing the boundary
of the design space and then trying to find solutions in that space. Similar procedures are followed by
the designers observed also during problem understanding and solution evaluation.

From these studies, four different kinds of search {viz. unknown, global, local and detail} were found
woccur consistently in each of the three phases of design problem solving (viz. problem understanding,
solution generation and solution evaluation). Thus, 12 different types of search ase identilicd {Figure 2.
These search types are related 10 one another. Each search at a higher level may comtain many searches
at lower levels — ie., occurrence of higher-level searches (i.e., unknown search or "us’, and global
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search or ‘gs’) in the hierarchy enhances the occurrence of lower level searches (i.e., local search or
‘Is", and detail search or ‘ds’ ). Sarkar and Chakrabarti (2007) explain how these 12 search types can be
identified in transcriptions. The greater the namber of these searches camed out in a design process,
the greater is the number of outcomes generated, and the greater is the subsequent creativity quality
of the final outcome from the design process.”

Designers have been found 1o typically search, first unknown or global, then local. and ultimately
detailed design spaces, beading to the emerging solations, problems or evaluation criteria becoming
mare detailed. "Global’, “local” and “detailed” spaces are those that have been previously visited by
designers (while solving other similar problems), while ‘unknown® spaces have not been. Each search
is directed to finding potential problems, generating solutions or identifying evaluation criteria, Design
spaces ot higher levels in the hierarchy (e.g., "unknown’ or *global”) include design spaces it the lower
levels of the hiersrchy (e.g.. “local” or “detailed” ). For instance, a “global problem space” might contain

wany “local problem spaces” and “detsiled problem spaces”: leading 1o expression of several polential
problems at varous kevels of detal (see Figure 2).

2. OBJECTIVES

Crea -r_iw..nn.rﬂ_uﬂn .5::_ effective in designing. Some are =.___._.._.___ﬁ..=_ii._ m ;...E,E.___E...ﬁ.
e.g. ‘Bug listing” ® or "150Q"." some in solution generation, e.g. “Ideal design’ ¥ or *Brainstorming” !
while others in solution evaluation, ¢.g. ‘Matrix based evaluation methods™.!! The objective of this
work is 1o develop a means for identifying the design phases in which a given crestivity method and a
designer are more effective.

3. RESEARCH METHODOLOGY

The individual effects of four chosen creativity methods on the quality of the outcome in the design
processes in which the methods are used are investigated, by assessing the effect of these methods on
each phase of design problem solving. Then, the performance of each designer while using each of
these methods is analyzed. Next. on average how cach method has influcnced a designer’s performance
is estimated. This is done by comparing the effect of each method on design cutcome relative to that
using the other methods, and by assessing the average effect of each method across all the designers.

Since search is an integral pant of design, and generation of more number (quantity) of differet
kinds of search spaces (variety) increases the creative quality of the eventual outcome of the design.”
Thus, cne could argue that the outcome of a creativity method can be assessed in terms of the number
of each type of concept searches (problems, solutions and evaluations) in each phase of design (viz.
Problem understanding, solution generation and solution evaluation),

T compare the ouicome of various design methods, video protocols of a series of design experiments
conducted earlier ' are used, There were eight design experiments in which six designers participated.
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12 ysing relative time spenl in these phases when these methods were used, see relevant excerpes from
that work below:

+ Brainstorming method: should mamly support un—:.inﬂ-ﬂﬂ.f:ﬂi_ﬂﬂ_.ﬁlmﬂ.. ._..__m..___.n..un_q
u:ﬂ___ﬂumﬂ-_lna_—n_ﬂ:—n.a.:.___ﬁi..ir analysis and choice. Y

« Ideal design method: should maimnly support problem identification andd analysis and solution
generation, with minor support for problem choice and solution evaluation.

« Function analysis method: should mainly support problem dentification and analysis, with minor
suppart for problem choice. solution generation and evaluation.

« 150 method: should mainly support problem identification and analysis.

For example Tabie 2 shows that hrainstonming supports salution ﬂiiﬁ:inﬁ:ﬂi:ﬁﬁ:ﬁ
it supports problem understanding — which is evident from the comesponding number of searches
genenated.

1t couild b argued that, if the use of a design method affects 2 design process. then the effect can be
obrserved in the kinds of search generated in the design process. It is predicted that wse of et il
<hould influence the search finding profile of the designers, and this profile can be compared with the
general prolik of each method 1o ientify hiny closely the prodike s influenced by the method. In this
calculation Average of Relative contribution (A of R% ) of a particular method over all designers (R%)
ix used. It is the average of all the values relative contribution of all the designers for each type of
<earch far cach method Relative values are used 1o eliminate the effect of individual dafferences in the
ahility of the designers snvolverd. Figure 3 shows the plot of the values for the relative contribution of
each method.

42 Search Generation Profile for Each Participant Designer

For each designer. all the utterances are classified in a table showing the type amnd number of search
of each type that have been generated by that designer for problem understanding, solulion generaton
and solution evaluation. Nexi, the ratio of the number of searches of each given type performed by
the designer while using a given methodd, to the total number of searches of that type performed by
that designer while using all design methasds taken together is taken as the relative search profile of
that designer using that method. Table 3 shows the number of different types of searches generated by
designer “C” individually while solving the problems in groups. Table 3 shows the search profile and
relaiive search profile of designer “C” for each method. Figure 4 shows a plot of the relutive search
profile of the designer for each methexd.

Eﬂﬂqiﬂniﬂun&Emﬂﬂii.ﬁn R% Emﬂiﬂn-ﬁ&i%iﬁlﬂr
(g5) = (BB 2+5+3)°100) = 42.44% {see 9% row of Table 3). Also note that each designer has used a
method oaly once.

It seems from Table 3 (see last row — “Total’, which shows the wtal number of searches performed
by the designer while using each method), that the liﬂtﬁiinﬂiuﬂ.t_mﬁ wsing functional
analysis is better than that while using other methods., as he carried out 57 searches using this method
 41.61% of all searches carried out by the designer across the experiments in which the designer
participated. This difference could be due 1o the individiaal abality of this designer of due 10 the presence
of the method used. Similarly for all the other designers their search profiles are determined.

5. COMCLUSIONS

Use of methaods aqﬂ.uihmi-ﬁ.dﬁ:nsuﬂipﬂﬁ:ﬁﬂ:r it has been possible to identify methods
that are more effective in different phases of design. Such assessment should help designers select
creativity methocds based on the type of effiects they would require from these methods. The main result
obtgined in this work is a suite of measures with which the effect of a creativity method on search and
exploration can be assessed.




Figuire 2. Ceneral represeniation of 8 “desipn spoce’

Two groups were formed, each with three members, The experiments were conducted in laboratory
sefting. Four idea generation methods were used (Brainstorming, Functional analysis, ldeal design and
Innovation situation questionnaire, see ®) and each group solved two different design problems using
cach method.'? Designers were asked 1o discuss audibly while they solved the problems. All design
experiments were video taped and transcribed. Details of the experiments are provided in Table | in
which a designer is represented by the firsd alphabet of hisiher name. Problems used are represented
by P1 {Problem 1, related wo design of a lock - represented by “lock” or P1) and P2 { Problem 2, relased
to removal of leaves from given premises — represented by “leal” or P2)

4. IDENTIFYING CREATIVE EFFICACY OF A DESIGN METHOD FROM ITS
SEARCH PROFILE

First, each type of search is identificd in the protocols of each of these design experiments. Each
utterance is classificd into the type of search it significs. Next for each method, both the type and the
number of searches generated by each designer in each group are determined. Since there are two
design expeniments using the same method, the resubis (different kinds of searches) from both the
experiments are averaged (o get a representative value of the profile of the searches. This is termed as
average virlive (A

Average value (A ) is the average of the total number of searches of each type from the two experiments
in which the same methiod is used. For example (A) of global solution search (g=) for brainstorming
(bs) = (244 13¥2= 185 (see 10™ row 4 column, Table 2).

Mext, fraction of the contribution of this method with respect 1o the other methods for each kind
of search is determined, This is taken as BR% and is explained in the next section (Section 6). This
procedure of analysis is camied out for each of the methods.

4.1. Discussion

First, the number of searches of each type generated by all the designers iogether in each group in each
expeniment (i.e., for each specific combination of problem, method and group) are identified (Table 2).

Toble 1. Method details.
Exp. so. 1 4 k| 4 5 1] 7 B

Mlethod B5 BS (1] (1] Fih Fi 1500 150}
Croup na, i | i 2 I 2z | i
Ihskgmers CRER AGU CRER AGLU CEREE AGU CEE AGU
Problem wed Pl Pt Pl [ 4 r2 Pl P2 Pl

Mote: BS - Brainsarmusg. 1D - ldeal design. FA - Functional amalysis, 150) - Innovalson Situation Questionnaie
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For example, the results under bs | (frst column, Table 2) list the total number of searches generated in
the design experiment (experiment [, Tahle 1) in which brainstorming was used in Problem | (related
1o dhesign of locking sysiem).

Mext, experiments in which the same method s used are taken together, and the average ("A" in
Table 2} of the number of searches of each type, across the groups is calculated, For a given methosd,
the average number of searches camed out under each search type, taken 1opether, gives the profile
of the searches carmied out in general in a design process using that method. This is taken 1o indicate
the absobute influcnce of each design method. For example. the average value of the number of global
problem searches carried out in all the brainstorming sessions is 5 (i.e., A=5) as the number of glohal
problem searches camied oot in bsl is 7 and that i bs 2is 3,

Mext, the fraction of the contribition of each method in general 10 the 1odal general contrnbution {Total
numiber of average searches of all the experiments) 13 assested. This is a ratio (expressed in percentage)
between the average pumber of searches of a particular type for a parficular method considened and
the sum of average numbers of that type of search for all the methods taken together. We attribute this
as the “Relative comribunion of a method”, This gives the relative efficacy of a method in companson
1o other methods. in terms of the number of different Kinds of search it is able w help generate. When
all the R% of all the searches of a method s conssdered together, a profibe termed here as the *Relative
search profile” is generated. Comparison of relative search profiles of varous methods will indicate
which method is relatively better in which phase of design problem solving. Equation (1) is developed
for calculating this.

H%mﬁ%blfﬁh.‘ih:?iﬁ1 _:H._..-:....____.___.ﬁ.:..n..-.ﬁ..-.mﬂ._t.n-. seerrrh hpe ﬁ.m..ﬂ._- r ﬁm:ta-?ﬁﬁ‘ﬂhﬂtﬁﬂ#ﬁﬁ
of that Fype in experiments uxing that method] £ (fotal nimber of searches of that type found in oll
etperinenis)) *IKL (1)

The particular method could be either method bs, id, faor isg, and a particular search type could be any
of the 12 search types, Forexample, the relative fraction of global problem search for Brainstorming {see
row 5-gs and column 5-R% of Table 21 is 20.83% as it computes 0 (305 4+6.54+ 6.5+ 6))* 100=20.83 %.

Companson of different methasds could now be comed oul by companng the number of differem
kinds of search occurring in each of these experiments. Since generation of a larger number of search
of all kinds in a design process have been Tound to strongly enhance the creative outcome of the
design process, the 'best” creative design method should help & designer carry out search of all of
the ahove twelve kinds o the maximum extent possible. However, Table 2 shows that each design
miethod used in this work has influenced search differently, and among these methods there is none
that alone is effective in uniformly supporting search of all kinds, i.e., in uniformly carrying ot search
in all the phases of design. Thus, instead of trving to find the best method, another approach would
be to identify methods that are effective in different phases of design problem solving, and use them
together

From Table 2. the following could be observed:

* For problem understanding, 150) is the most effective (R% = 40,43} followed by Funciion Analysis
(R% = 21.28) and ldeal Design (R% = 20.57) which are all more effective than Brainstorming
(R% = 17.73)

* For idea generation, Functional Analysis (R% = 34.43) is the most effective. Brainstorming
(R = 26.23) and 150} (R% = 23.98) are more effective than Ideal Design (R% = 15.37).

* For solution evaluation, Brainstorming (R% = 37.70) is the most effective, followed by 150
(R% = 25.14) and Function Analysis (R% = 21.86), with ldeal Design method (R% = 15.30)
the least effective.

* Even though functional analysis outperformed in the total number of searches (R% = 29.31),
but on average across all phases of design problem solving, 150} is the best (R% = 29.85).

A furiher walidation to the resulis shown in Table 2 comes from tha fact that the overall resulis mach
closely with the overall sssessment of creative effects of these methods as estimated by Chakrabarti
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In this work, only four design methods are considered (viz. Brainstorming, ldeal Design, Functional
Analysis and Innovation Shuation Questionnaire). Each design method used in this work has influ-
enced search differently, and among these methads there is none that alone is effective in uniformly
supporting search of all kinds, i.e., in uniformly carrying out search in all the phases of design. For
problem understanding, 150 is the most effective followed by Function Analysis, ldeal Design and
Brainstorming. For iea generation, Functional Analysis is the most effective, followed by Brainstorm-
ing. 150) and Ideal Design, For solution evaluation, Brainsiorming is the most effective. followed by
150). Function Analysis and Ideal Design method. Even though functional analysis is better in terms
of total number of scarches, vet on average soross all phases of design problem solving, 150) is the
better than the other three selected methods. Methods could be identified that are effective in different
phases of design problem solving, and use them together.

Thus. use of a design method affects a design process, and the effect can be observed in the kinds
of search generated in the design process. It has also been noted that the use of a particular design
method dunng designing. influences the search finding profile of the designers. We argue that using the
measures proposed, ellicacy of a newly developed design method can also be assessed. One possible
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Figure 4. K peofile of dosgner 'C'

further work s 1o develop a new idea generation method that will help designers 1o search different
design spaces more uniformly than possible using any cament individual method.
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