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ABSTRACT

Understanding the source of creative or innovative design idsahdg@otential to provide a number
of insights into design problem solving as well as practicaéfis. The work presented here is a first
step at generalizing some findings from the psychological ltdrgreo a design task. Open goals have
been shown to influence cognition so that information about opes, gmaunsolved problems, is
likely to be incorporated into future problem solving attesr@ten when that information is presented
in a second task unrelated to the original problem. The rexfudtsstudy on design problem solving
are presented, and these results show that open design problemg gobis direct the acquisition of
information relevant to the unsolved design problem. Participaatsa series of text passages during
a break in problem solving with one of those passages containimignatfon that was a distant
analogy to the design problem. This information influenced problaming including how likely
participants were to change their representation of the prol8eme of the implications of these
results for our understanding of design problem solving are discussed.
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1 INTRODUCTION

Where do innovative design ideas come from? This question is hadsteer from a scientific
perspective. Often times, people can not explain how they cometlu@mvidea, and in those cases
where they do have an explanation it is often too vague to be aatiodiof the mental mechanisms
that produced the idea. A theory which explained the source ofdtimevideas and the cognitive
mechanisms involved in their generation has the potential tioefuour understanding of cognition
and design, and such a theory could lead to the development of designhtioknhance the
innovativeness of designers.

Basic psychological research is necessary to understand thamsens that produce ideas and
how they become incorporated into the design process. Recenirwpskchology has shown that
open goals, or goals which have not been completed such as unsolvesnprgiihy an important
role in problem solving especially in situations where gpaisse in problem solving has been reached
[1-3]. In this work, participants were allowed to work on simplgght-like problems some of which
they did not solve. They were then given a second task whichiht&lto the solution of some
unsolved problems embedded within it. When given another opportimityork on previously
unsolved problems, participants solved more of the problems fahwhey had seen hints. In
addition, the hint was most effective when the participant had an open goal farotblain as the hint
was not as effective if shown before the problem had been attempted ficstttime.

Following up on these basic results, we found that people were tkehe tb benefit from
exposure to relevant information depending on their representatithe giroblem and the progress
they had made in solving it [2]. People were more likely tkemsse of relevant information in a task
unrelated to the original problem when they were right at the pbintpasse. An impasse in problem
solving occurs after some amount of work on the problem when the prebleger does not know
how to proceed. This initial work is important as it establistremitial problem representation in the
problem solver’'s mind. However, continuing to work past an impessdts in repetition of prior
unsuccessful ideas which actually makes new ideas hardgenerate. When participants in our
studies suspended work on the problem at the point of impassev¢heynore likely to make use of
the implicit hint provided in another task even though they weravamgathey had seen problem
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relevant information. These results imply that there maynbapéimal point at which to suspend work
on a difficult problem which is at the point of impasse whieeproblem solver is most susceptible to
relevant information.

The fact that open goals influence cognitive processes ity éhahbiases the problem solver to
acquire information about unsolved problems even when those problemstdseing worked on
means that creative or innovative solution ideas can come abeatwhile not engaged in work on
that particular problem. For instance, information related rntoumasolved design problem that is
encountered in the environment is likely to be incorporated intaleéks&n problem solving process
even if the designer is not working on the design problem at the $iomee theories of creativity posit
that creative ideas come about through the combination of distacepmts that normally would not be
considered [4, 5]. Open goals may be the cognitive mechanism that enablescss o take place.

Previous work on design problem solving shows that designersrasigv@&to information in
the environment that is relevant to unsolved problems [6-8]. Designéhese studies took advantage
of new information as it was encountered and opportunisticalliised to the aspect of the problem
most relevant to this new information. This recognition and oppattariiehavior in design problem
solving is interesting and even surprising given that tiauhti laboratory studies in psychology find
that people fail to recognize the relevance of analogicallyeceiaformation [9, 10]. However, people
have been shown to be more likely to notice problem relatedmaf@mn after problem solving has
begun and the problem solver has an open goal to solve that problem [1-3, 11].

Design problem solvers have been shown to suffer from fixatioprion ideas which may
inhibit their ability to generate new and innovative ideas [12-H&htion on prior ideas has also been
shown to affect the likelihood that people notice information edléd open goals, and this work has
shown that there may be an optimal time for the presentatiorewfinformation related to open
problem solving goals [2]. The time course of fixation and impasses in probleimgss important to
understand, and may have important implications for generative problem dalsksdike design.

For example, it is important to understand how the representatl@dign problem changes
throughout problem solving as this representation guides which iafimmbecomes incorporated
into problem solving. There are potential applications of thiedengs to computational aids that seek
to encourage the generation of new ideas as well as h&ilgndes to overcome impasses. The first
step toward the realization of these kinds of applicationsoisinderstand how this cognitive
mechanism operated in more complex problems.

The purpose of the studies presented here was to startetihet whether the results found
with simple problems in the psychological lab would generalizadoe complex design problems.
The first study was also designed to examine the effect of gpas at various points in the design
process. Designers develop a representation of a problem asati@yue to work on it, and the
likelihood of information from the environment entering the designga®ds likely to depend on the
representation of the open goal at the time the informati@mésuntered. In addition, fixation on
prior unsuccessful design ideas is likely to inhibit the astion and generation of new information
and ideas. The second study presented here shows that fixation @&aighdicant difficulty even in
what was intended to be a simple design problem.

2 EXPERIMENT 1

In this study, participants were given a design task to compRsdicipants were interrupted at
various points in their problem solving to complete a secondwhsgth contained information that
was analogically related to the solution of the design pmab@ne hypothesis was that the analogy
was more likely to be used in problem solving when it was ptedeafter work on the problem had
begun rather than before problem solving as participants would dravepen goal to solve the
problem in the former case but not in the latter. A second hypothesistivat presenting the
information later in problem solving would have a greater impagiarticipants would have had more
of an opportunity to develop a good representation of the problenmaredare would be more likely
to notice the relevance of the analogy.
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2.1 Method

2.1.1 Participants
There were 42 participants in this study who were rectuitem a senior design course in the
mechanical engineering program at Carnegie Mellon University.

2.1.2 Design and Procedure

Participants were randomly assigned to one of four hint condifidreshint was either not presented,
presented before the city design task, presented after Seminfitvork on the city design task, or
presented after 20 minutes of work on the city design task.

The city design task was a task where participantsdddsign a city that would survive after
50 years of simulated time. There were three types ofacégs that had to be laid out on a grid:
residential, commercial, and park areas. A screenshot daskeinterface is presented in Figure 1.
After the design was completed, the computer would show theiparti how the city developed over
time. The city changed according to deterministic rules. Tdrécppants were not given the exact
rules, but they were given a few simple principles which ceptthe basic gist of the rules. This
situation meant that participants understood the basic princplee task, and they could work out
further details of the system through experimentation if thapted to. Participants continued to
iterate through the processes of design and simulation until ableeved a solution or until 45
minutes had passed. A solution to the task was defined aswaittitat least 2500 residents at the end
of the simulated 50 years. Each residential square was equivalent toidl60tses

The rules in the city design task were structured such thatdargiguous cities were not likely
to survive with the required number of residents. The main fbeteénd this constraint was that
commercial squares expanded or reproduced at a faster ratesidential squares, and residential
squares died off when overwhelmed with commercial neighbors.cass of solutions to the city
design task involved a small residential area surroundedrkg pad a small number of commercial
squares. The parks served to insulate the residentialaace@onstrain the growth of commercial
areas. These small cities could then be replicated atvggitl as non-interacting entities. This class
of solutions was used because participants were not likedpristruct a solution of this type given
their knowledge of cities as large contiguous entities.

Participants were told that at some point they would beepted with a second task where they
would have to read three brief text passages that they shoulthbemso that they could answer
questions about them later. They were not told that thedsks twere related or given any indication
that they would receive a hint. One of these passages was bhtientde an implicit hint to help in
designing a successful city. The hint passage describadirgliding how cell membranes served to
protect the cell and regulate interactions with extraitallentities. The passage also discussed how
multiple cells made up tissues. This hint was designed to beganal to the class of solutions
discussed above.
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4. City Planning Task 13>

Residents: 8300
Current Year: 0

Choose the type of area ko add:
¢ Residential

" Commerdial
£ Park
" Clear

Clear all

Run
s044s04_initialIteration10. bxt

Figure 1. Screenshot of the city design interface

2.2 Results

Due to the fact that this study is exploratory in nature, hacgbwer of the study was limited by the
number of students in the class from which participants wereiteat from, the level of statistical
significance was set at=.10.

Only one participant explicitly indicated that they noticed ahalogy. In our previous work
with simpler problems it was also the case that few [yaatits noticed the hints even though they
clearly benefited from the information contained in the hint. Téslt means that it is important to
assess the impact of the hint from behavioral data rather than througbrgqoggshe participants.

2.2.1 Representation Change

A classification scheme was devised so that each candiglsigmgroduced by each participant could
be classified according to the organizational properties ofahdidate city design. There were eight
categories as well as one additional “Other” category.“Otleer” category included a small number
of designs that did not share an underlying organization or anyayparent similarities with any of
the other design types. Examining the types of designs produced Hicg@atr over time provided a
way of tracking how the participant’s mental representatiothefcity design problem changed over
time. Designs from the same category could be assumed to be grdchroesimilar representations
of the task and its constraints. Understanding the representdtthe problem is important as this
representation determines how the problem is solved. The hikelg o change the representation of
the problem if it is incorporated into problem solving, and thigregentation change may lead
participants to overcome previous difficulties or impasses.

One method of assessing representation change is by looking afteowparticipants switched
design categories from one design iteration to the next. Thissdatesented in Figure 2 where it can
be seen that participants in the control condition switched desitpgories 47% of the time. There
was a regular increasing trend where the hint seemed to sparemsesentation change the later in
the problem it was presented. This trend approached statisgjie#icsince, p = .13.

ICED’07/114 4



0.8

0.7

0.6

0.5

0.4

0.3

0.2

Proportion of Times Category Switched

0.1

No Hint Before Early Late
Hint Condition

Figure 2. Proportion of iterations on which participants switched design category

A more direct way of examining the effect of the hint on@sentation change is to look at the
design iteration directly following the presentation of th.Ht is only possible to use this measure in
the early and late conditions since these are the only camlitibere the hint was presented after a
participant had produced one of more candidate designs. The camiditian was used as a baseline
in which it is seen that participants change design catedjd¥y of the time. In the early hint
condition, participants changed categories in the design iteratimediately following the hint 80%
of the time, which was significantly more often than in thatwl condition,p = .08. Participants in
the late hint condition changed categories immediately dfeehint 64% of the timey = .35. These
results indicate that the hint may have been most effeaftee there was an open goal, but before
participants became committed to a particular type of desgthey may have done in the late
condition where they worked on the problem for 20 minutes before seeing the hint.

2.2.2 Hint Effectiveness

The original hypothesis was that the hint would increase the nuofiErticipants who solved the
problem as well as decrease the time it takes to solvpriidem. The number of participants who
solved the problem in each of the four conditions is presented le TalkExamination of the table
shows that participants who received the hint appeared te gwwproblem more often than those in
the control condition. In order to test the significance of this @ppadifference, the three hint
conditions were compared as a group to the control condition usihgrisi exact test. The difference
was not statistically significanp = .15. This lack of significance is likely due to a lackpofver as
there were only about 10 participants in each condition.

Table 1. Number of participants who solved the problem in each condition

No Hint Before Early Late
Solved 2 7 4 5
Unsolved 7 4 6 7

Another way of examining the effectiveness of the hint is bynaiag how long it took
participants to solve the problem. For those participants wheddhe problem, the amount of time
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taken to solve it not including the time spent reading thiep@ssages is presented in Figure 3. While
it appears that the hint may have been most effective pftdrlem solving had begun and that
participants in the late condition took longer to solve the probleese differences were not
statistically significantF(3,13) = 1.36, p = .30.

35
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20 - = l

15

Time (in minutes)

10

None Before Early Late

Condition
Figure 3. Total time to solve problem for participants who solved problem

The time between when the hint was presented and when thenpreble solved would be
expected to decrease if participants in the early and late iomsditere more likely to notice and use
the information in the hint because of their more developedsemaions of the problem. Figure 4
presents the amount of time that was required after seeinbirth¢o solve the problem for the
participants in the three hint conditions who solved the problerantbe seen that the expected
pattern was obtained and that the hint conditions did differfeigntly, F(2,11) = 6.01, p = .02,
which supports the idea that participants are more likely ¢othis hint after developing a better
representation of the problem. However, it is hard to intetpeste results as participants in the early
and late conditions worked on the problem for awhile before séleengint and it could be that the
hint is having no effect but that Figure 4 just eliminates time thefore the hint which produces the
observed effect. This interpretation seems less likelyesine hint did have some impact upon the
designs produced as shown in the representation change data above.
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Figure 4. Time from presentation of hint until solution for participants who solved problem

2.2.3 Fixation

One of the features in the city design task interface hatsparticipants could save a design and use
that initial design as the basis for future design itenati This feature was included because designers
often start a new design iteration based on sketches or pratdtgpe prior iterations of the design
process. However, starting from a prior design may have made the partiopaetkkely to fixate on
prior unsuccessful ideas.

In order to assess this possibility the number of participantsused prior saved designs was
calculated. Of the 14 participants who used this feature,belentually solved the problem. Of the
28 participants who did not use a saved design, 14 eventually sblvgatoblem. This pattern of
results indicates that fixation of past designs may haveepted the solution of the design problem,
but this result only approached statistical significapce,16.

2.3 Discussion

The results presented here demonstrate that an analogicedlatetl to an unsolved design problem
affected the representation of the problem. This result is an important sggsé®ur previous results
concerning the effect that open goals have on the acquisition aral peoblem relevant information
only dealt with cases where the hint was the answer tprtitdem [1-3]. The results presented here
indicate that even information contained in a distant analagypeancorporated into problem solving
without the problem solver’s awareness.

One of the initial hypotheses was that the hint would be mkeéy lto impact the unsolved
problem when there was an open goal. Our results generally suppdrypothesis as there was some
evidence that the representation of the problem was morg tikeshift in response to the hint when
there was an open goal and the time taken to solve the pralilenthe hint was shorter in the case
where there was an open goal.

The second hypothesis was that presenting the hint later itepraolving would lead to an
increased use of the hint. The results concerning this hypethiest less clear. The results on time to
solve the problem and design category shifts following the hiitate that presenting the hint early
after problem solving has begun was better than late in probtdwng. The time from hint to
solution was the only result where the late condition did betten the early condition. One
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possibility is that participants have become committed to theiresentation of the problem or even
fixated on prior ideas which impacted the effectiveness of the hint.

These results are still preliminary and need to be follaygedn with a similar study with more
participants to increase the statistical power of the experimeighdélowever, the results presented
here tend to agree with our other results using much simpler preljle3]. We have also begun to
pilot another design study to determine the types of informailiah participants notice when they
have an open goal. This pilot work also seeks to examine hotinfixateracts with the influence of
open goals on the acquisition of problem relevant information.

3 EXPERIMENT 2

An analogical hint was effectively used by participants in Erpent 1. However, there can be many
kinds of similarity including visual or semantic similaritks part of a project to determine which
types of similarity may be noticed and acquired by somedasapen goal cognitive mechanism, we
designed what was intended to be a simple design problem. Thismrigbpresented in Figure 5. The
basic problem is to design a column support structure, and theaioisstof the problem make it

impossible to meet all constraints with just one column. Thatisal is to use two columns. We

originally thought that engineering students would begin with iihgles column representation but
then encounter an impasse as they needed to reconceptualize the.problem

* Your company manufactures solid wood columns fpaiicular application where a load of
300,000 Ibs must be supported 96 inches aboverthund.

e The manufacturing cost associated with producioglamn of a given radius and weight is gi
by the cost formula below

* Your goal is to find a solution that will enablewto achieve a manufacturing cost of less than
$346

e If a column fails, it will fail by buckling not nanal stress, the buckling equation is given belpw

» Assume the factor of safety is 1

» Design a solution to this problem and specify th&ils including cost.

W = prr°L
4
pe! f;E

5

Cost = c(% +Wj (radius measured in inches)

+ Pisthe applied load, W is the weight of a columis, the density of the material, L is the length
of a column, r is the radius of a column, E isnedulus of elasticity, c is the cost factors

3.14
Modulus of elasticity Density Cost factor
Wood = 1x16 psi .014 Ib/ir® $2

Figure 5. Column problem used in pilot study

Our initial hypothesis was that the time spent at an impasgd be shortened by presenting a
hint to the task implicitly in another task. The hint could/tseially, functionally, or both visually and
functionally similar to the solution. For instance showingjaure of a bridge with multiple columns
includes both visual and functional similarities while a storycdeing the solution to a problem
through the use of parallel forces is an instance of a hint with functiondrgiyn

Our initial work with this problem showed that it waswdifficult even for senior mechanical
engineering majors. Participants were allowed up to half an b@mve the problem, but out of the 6
participants that did not receive an implicit hint in our pdttdy only 2 solved it; the rest were stuck
on a single column representation. This result was surpiibieg that the problem was designed to
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be relatively easy to solve. The hints did improve performasc8 out of the 10 participants who
received some form of the hint did solve the problpm, .09. The 5 participants who received the
story describing a functionally similar solution all solved freblem, and 3 of the 5 participants
seeing a picture of a bridge solved the problem.

Participants were recorded while solving the problem, andwéw these recordings revealed
that participants hard great difficulty in re-representinggtablem. The majority of the participants
did begin with the single column representation. When the swidantthrough the calculations and
determined that their first attempt had failed, they almosays assumed the problem was in their
manipulation of the equations or their calculations. The partitspaho did not solve the problem
spent the remainder of their time running through unnecessary analysis.

These pilot results are very interesting as this is m@tproblem solving behavior that was
predicted. Students became fixated on their initial reprets@emtaf the problem and only rarely were
they able to re-represent the problem appropriately. Thesal iré8ults demonstrate how difficult
fixation can be to overcome, and they highlight the importance of daddisg the relationship
between representation, fixation, and open goals. Open goals influencle wformation gets
incorporated into problem solving, and this process may explain hawdeas arise. However, the
representation of the problem and in particular the interferdraterises from prior solution attempts
may inhibit the generation of new ideas.

4 CONCLUSIONS
The results reported here demonstrate that the influermgeof problem solving goals can potentially
explain the source of new design ideas. This mechanism operatew/leen the problem solver is not
actively engaged in problem solving, and it appears to oper#t®ulv conscious awareness. In
addition to explaining how new ideas enter the design processpeiisanism may also explain how
it is possible to overcome impasses in design problem solving.

These initial results highlight the importance of understanttiagcognition underlying design.
In particular, understanding the processes of problem repriésenfixation, and impasses in design
as well as how new ideas become incorporated into problem solvinghplsations for improving
the design process as well as for how computational designshidd be designed in order to
encourage the generation of creative and innovative design Beas of our prior work indicates
that the point of impasse may be the optimal time to introduce pnalelevant information as this is
the time when there is relatively little fixation [2]. Future work shoulddogpon these results to see if
the results generalize to more complex real-world problemthely do, then understanding the
properties of these cognitive mechanisms and how they interact with the desigss should make it
possible to aid designers and encourage creative and innovative design.
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