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Extended Summary

This thesis deals with creativity in engineeringida. Its main findings are the
introduction of a set of objectively stated sufiti conditions that characterize
creative engineering solutions and their empiracad psychological validation; the
development and empirical validation of SIT (Stured Inventive Thinking), a
structured teachable multi-stage method that gultkesearch towards creative,
engineering solutions; and the identification af ftandamental cognitive qualities

underpinning the successful use of the method.

Chapter 1 introduces the topics to be investigated in thaskwit starts with a short
overview of some historical landmarks in the gehsttady of creativity. The factors
that impeded the study of creativity at the begigrof the century as well as those
that eventually accelerated it towards mid-cenéuwgydiscussed. Next, the accepted
approaches for the study and definition of cregtiviamely the study of the creative
person the creativgprocess and the creativproductare described. The chapter ends
with a discussion of the importance of creativityehgineering design and with a

general outline of our approach for the study ehtwity in engineering design.

Chapter 2 surveys the main theories of creativity and meshfod enhancing creative
thinking that have been put forward since the h@gm of the 28 century. The
chapter is divided into two sections, one dealinity Wheories and methods, and the
second focusing on theories related to engineel@sggn. Later in the work,
references are made to these theories in ordemtpare them to the ideas developed

in this thesis.

Chapter 3 presents the theory of sufficient conditions fagative engineering
solutions. The chapter begins with an illustragxample of an engineering problem
and its creative solution. The theory of the cdnds is then unfolded through an
informal discussion that helps the reader getéleédf the theory. This is followed by
a formal presentation of the conditions. Severakcudies elucidating the

application of the conditions to real engineeringijpems are presented next. Then,

c



the results of an empirical study aimed at dematisty the validity of the conditions
is presented. The chapter ends with a discussitmeafationale behind the conditions

and the way they are related to other theoriesedtiwvity.

Chapter 4 describes the SIT method. The chapter opens witseription at a
conceptual level followed by a detailed descriptbthe method using a special
description language. Then, several illustrativenegles demonstrate the SIT
procedure. An empirical study that proves the éffeaess of SIT is presented next.

The chapter ends with a comparative analysis df vBtsus other methods.

Chapter 5is dedicated to cognitive aspects of the sufficemditions and the SIT
method. The chapter opens with a description ofriaan research tool, the Kreitler
and Kreitler meaning system. Then an experimemtalyss described, followed by an
analysis of the results and their implication te thsults of Chapter 3 and 4, to the
general understanding of creativity, and their pcatrelevance for engineering

creativity training.

Chapter 6 concludes the work and suggests topics for fumbsgarch: extending the
SIT method to group thinking; computerization o BIT procedure; adapting the SIT
framework to engineering tasks involving desigmfrscratch; adapting SIT to other
domains such as software design, management, nmaykatlvertising; and the
development of practical training programs aimeeérdtancing an individual’s

cognitive creative competence.
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INTRODUCTION

Chapter one

This work deals with creative problem solving irggreering . We limit our focus to
relatively small scale problems that crop up indady work of an engineer. Although
largely associated with the teinvention,we do not deal with large scale problems
such as those that led to the discovery of the,lasectricity, or microwave oven. Our
focus is even further constrained by the type wémivesolutionswe focus on. These
are characterized by Altshuller [Altshuller, 88]tgse three, namelynventions inside
a paradigm(see below a complete account of Altshuller’s ¢facsgion of solutions

to engineering problemdhn these solutions it is not an application of kiexige or
expertise coming from outside the problem domaat tenders the solutianventive
Rather its is the overcoming ofental set®r what Altshuller call§psychological
inertia’ that underlie their identification as inventivdwimns. Although this work
deals almost entirely with creativity in engineeritesign, the study both draws on,
and contributes to the general understanding aitisigy. We will now specify the

three main goals of this work.

The first goal is to supply an objectitestfor the inventiveness of engineering
solutions (applicable only to the aforementiongquktgf engineering problems and
solutions.) To better explain this goal we shouwdrass a few important issues
concerning the definition of inventiveness; limibais of our test (i.e. its
incompleteness); and a justification for developangp-no-gdest rather than a

quantitativemeasure.

A test of inventiveness must be based on a defimidf inventiveness. Several
approaches can be found in the literature and @ettil is dedicated to this issue. For
the development of the test we adopt the follovdafinition: an inventive solution is
one that is deemed inventive by relevant expdtsed on this definition our goal can

be restated ake development of a test that can predict expdgsision on the
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inventiveness of engineering solutigaad we have to remind the reader again that

we focus only on a limited type of problems andusohs.)

A complete test for inventiveness requires thatsoiytion passing the test is deemed
inventive by experts and vice versa (i.e. thatsolytion that is deemed inventive by
experts is ensured to pass the test). Such atesldsbe based on the identification of
a set oinecessary and sufficienbnditions for inventiveness. Finding necessady an
sufficient conditions for inventiveness seems adobitious goal to us. Therefore we
limit our goal to developing an incomplete one-west. A solution passing this test
would be deemed inventive by experts (and this Ishioe verified empirically), but

not necessarily vice versa. In other words we @okihg for a set o$ufficient

conditionsfor an engineering solution to be deemed inverttivexperts.

Stating our goal as developing a test for the itiveness of engineering solutions
(albeit to a limited types of problems) assumesithantiveness is a go-no-go
property, which is not necessarily the case (eg.Avciszewski et al. who suggest a
continuos measure of design creativity). This aggion is justified however by the
following arguments: 1. We are interested in prigcexperts’ evaluation of the
inventiveness, and being human classifiers, egpend to form crisp categories such
asinventiveandnon-inventive2. Since we are interested only in a one-waytestan
limit ourselves only to those solutions that residéhe higher end of the
inventiveness scale (which is probably continuod)/8 conjecture that truly
inventive solutions (those residing in the highed ef the inventiveness scale) are in
some way qualitatively different from their non-entive counterparts, and we would

like our test to capture this difference.

The ultimate goal of the test is not limited to dgstive aspects: the test should
eventuallyplay a part in a method for inventive desigs such it must posses some
important qualities: 1. The test procedure mugebehable, therefore it should not
rely on knowledge not accessible to the problemes@. The test should be
objective: different people who were taught the peecedure should independently
arrive at the same decision about a specific soius. The test should be applicable
(at least in part) even before the solution isirt®, namely it should help to prune

unpromising branches of the search tree . andyidaSuch a test should potentially
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lead to development of a mathematical model andementing it in a computer

design support tool.

This brings us to the second goal of this work Whecto develop a structured
teachable method that guides the (human) probldwers® search towards solutions
that pass the inventiveness test (and thereforexgrected to be deemed inventive by
their colleagues). We will now explain the termsthod structured andteachablan
our context. One way to look at a problem solvimegthodis as a series of prompts. (a
prompt is a sign for the problem-solver to supptieéined piece of information, for
example, “make a list of objects appearing in ttabfgm”.) Each prompt presents the
problem solver with a subtask. Methods differ ia ghilosophy behind the prompts,
in their number, in the interrelation among promptsd in the way the prompts are
presented (e.g. textually, diagrammatically, opbieally). A method istructuredif

the prompts can be arranged at the nodes of aelirgcaph in such a way that each
node represent a single prompt. For a method tedwhable it is necessary that any

subtask defined by a prompt be simpler than theadivask of solving the problem.

Since our method is to be used by humans it is stimiovious that variations will
exist in people’s ability to use the method andseguently arrive at solutions that
pass our suggested test. It is therefore our goad to identify the fundamental
cognitive qualities underpinning the successfulafshe method. Again the ultimate
goal is not limited to the descriptive utility dfe findings. The findings of this part of
the research are expected to form the basis fatd@lielopment of aognitive training
program that would mentally prepare a problem-solverusing our suggested
inventive thinking method. Having defined the thneain goal of this thesis we will

now turn to review the creativity research in higtgerspective.

The scientific study of creativity did not startftee the beginning of the #Gentury.
Several factors were responsible for the rejeatioereativity as a legitimate scientific
domain before that time. One of the main obstagEswhat Perkins calls tles-

nihilo problem [Perkins, 1988, p. 362]. Ex-nihilo meams ¢volving of something

out of nothing - which was supposedly the case wangiative ideas. While science has
developed tools for dealing with the transformatidmne thing into another,
difficulties have always been encountered in dgawith something that comes about

ex-nihilo. Moreover, the creative process was comignassociated with the breaking

3
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of rules, whereas science is about capturing a aohyaa set of rules. Great scientists
and artists contributed to the view that creatiigtpot an appropriate scientific
domain by describing themselves as being subjatit/ine intervention. The
composer Mahler, for example, said “I do not congposam composed”. Others,
such as Kekd, the scientist who discovered the ring structdrhne Benzene
molecule and the poet Samuel Taylor Coleridge (Kuddlan) reported that their ideas

popped up while dreaming [Weisberg, 1993].

Another factor that impeded the study of creatiwgs that creative products, being
man-made, suffered from the general trend to negleat Simon calls ‘the science of
the artificial’ [Simon, 1981]. Simon saydn‘view of the key role of design in
professional activity, it is ironic that in this meiry the natural sciences have almost
driven the sciences of the artificial from profes&il school curricula (Simon page
130). Simon suggests an explanation for moving dvwag the sciences of the
artificial: in the past design had been taughtnnrduitive, informal, and cookbooky

manner that does not match academic respectability.

The attitude towards creativity began to changerwgmme of the most prominent
scientists started reflecting on their own creapix@cesses and published their
discoveries. Most notable was the mathematiciarmyHeaincaé [Poincag, 1913]
who offered a four-stage model characterizing ks discoveries. Based on
Pioncaé’s and other reports the psychologist Wallas,isnchassicThe Art of
Thinking[Wallas, 1926], offered a model of the creativegeiss as a series of four
definable phasegreparation,in which the problem solver collects and organizes
problem relevant knowledgmcubationin which the problem is set aside and no
intentional work on it is being dondlumination in which the solution appears as a

flash of insight and finallyerification of the solution.

Several additional factors contributed to the acadeespectability of the study of
creativity. The concept of sub-conscious thouglpdgkview the phenomenon of
sudden creative insight, as described, for exanhyl&ekuk and Coleridge, as a
transfer of information from subliminal to conscsatlnought. It became an accepted
view that creative ideas do not come into beingabutothing, but rather involve the
restructuring of known elements [Perkins, 1988jdexing the ex-nihilo problem

irrelevant. The general acceptance of Darwin’s thebevolution - a theory
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involving the relatively simple and blind mechangsofrandom mutatiorandnatural
selection- made scientists recognize that complex, hightiietic and efficient
creations can result from relatively simple rulerggmmed mechanisms. This helped
freeing researchers from the need to resort tod3a necessary condition for the act
of creation. Sciences of the atrtificial in gendrale also gained academic
respectability and popularity in recent years. Brescience is now considered a
legitimate academic domain - journals exist, sympus are held, and some
universities have even established special depatsier the study of design. In the
early days creativity was studied exclusively bygb®logists, but in recent time
investigators from other domains such as engingderg. [Kolodner and Wills
1993], [Ulrich, 1988], [Williams, 1988]) and Arttial Intelligence (e.g. [Lenat,
1978], [Simon, 1995]) have started their own reseg@rojects on creativity.

It would not do justice to the field of problem @olg methods not to mention the
pioneering work on structured problem solving ali®&[Polia, 1957] who offered a
four-stage process for solving mathematical proklamd puzzles: understanding the
problem; devising a plan; carrying out the plarg &nally looking back. According to
Polia “Heuristic reasoning is reasoning not regdrate final and strict but as
provisional and plausible only, whose purpose disgover the solution of the
present problem”. The main contribution of Poliss@a demonstrate the possibility of

method in areas that previously seems not ametaibhethodic treatment.

The fact that creativity is now a respected sciieniomain does not mean that there
is general agreement about what it is and howatkhbe studied. Section 1.1 brings
an overview of the different definitions of credtyvand the varied approaches to its
study. In view of the latter, Section 1.2 descrittesapproaches that guided this
research, the questions asked, and its main modigetion 1.3 deals with the
importance of the study of creativity for enginegrand Section 1.4 describes the

structure of the work.

1.1. Approaches to the definition of creativity and its study

The first concern of scientific investigation igtletermination and delineation of the

phenomena to be investigated. Few domains have gise to such a diverse set of
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conceptions about their own nature as has creat@tncerning the definition of
creativity Sternberg writes: “some have even woedéf it exists as a single entity or
a class of entities aside from its name” [Sternp888, p. VII]. It is thus not
surprising that almost every investigator of cnagtiuses his or her own definition for
the purpose of research. Taylor [Taylor, 1988, gelf8 counted 60 different
definitions in the literature up to 1988 and itikely that this number has since

increased significantly.

The definitions offered for creativity fall intordse main categories: the creative
person -qualities, personality, way of life etc. (e.g. ahfig a creative person as one
who can tolerate ambiguity); creatigeoducts their unique features (e.g. defining a
creative product as one that is qualitatively défe from other products of the same
type [Williams, 1990]); creativprocesses their basic cognitive elements (e.g. the
Gestalt school’s definition of the creative procasslestruction of one Gestalt in

favor of another [Mayer, 1995]).

In view of this great diversity, it is interestitg note that most of the definitions that
are based on creative products, describe creativigrms of two distinctive sets of
features. The first set involves features that ligbh the novelty of the creative
product using terms such amavel, innovative, original, unique, surprising,
interesting, unusual, and differefithe second set of features is related to the
usefulness of the product and includes terms ssieffiaient, true, esthetic, simple,
tangibleand the like. Although novelty is an agreed upotessary condition for
products being creative, the question remains: ‘ttewhom ?’. Margaret Boden
[Boden, 1990] makes an important distinction bemviwvo types of novel ideas: The
first, H-creative (H for historical) ideas, are nemumankind, the second P-creative (P
for psychological) ideas, are new to the persomhnse mind they arose, and could
not have arisen before. Boden’s distinction betwdistorical and Psychological
creativity can be likened to Kuhn’s distinctiontive context of the development of
science between paradigm shifts that revolutioakisting scientific theories, and

normal science - the more common day-to-day evarutif science [Kuhn, 1962].

Although an agreed upon definition of creativityasking, any empirical study
requires a working definition. An accepted meth®tbidefine a creative idea as one

that isconsidered creative by domain expdHennessey and Amabile, 1988; Finke,
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1995]. This definition is based on the assumptitat people, and especially expert
judges, can identify a creative idea when theyosee even when unable to supply an

a-priori list of properties which characterize a creattiea in their domain.

The approaches to the study of creativity fall itiieee main categories matching
those that divide the approaches for its definitiime study of thereative person
focuses on the intellectual, motivational, persityaind other determinants of the
creative person. One of the goals of this appraatd develop predictive methods for
a person’s manifestation of creative outputs il The tools used for the study of
the creative person are mainly psychometric &stisbiographical studies (such as
Gruber study of Darwin [Gruber, 1974]). The studlgeative product$ocuses on
ideas, things, artifacts, or outputs of any kinetagdhed from their creator and the
process that lead to their creation. The main gbtlis approach is to develop
subjective criteria, conditions and characterisbicsreative products. A characteristic
example of this approach is Altshuller’s study afgnt data [Altshuller, 1985]. The
study ofcreative processdecuses on the cognitive processes that bringtabou
creative products. The investigation of creativecpsses often incorporatg®tocol
analysis a method in which the investigator observes sibjeccupied in a creative
task, as well amtrospectionin which the investigator delves into his or hemo
thinking. In recent times, with the advent of Adiél Intelligence, researchers have
begun to study creative processes computationgligddeling creative processes
through computer programs. Some of these progratis\aed considerable success:
Lenat’s program, Eurisco, ‘invented’ a new siliagate and Simon’s program Bacon

rediscovered Kepler’s third law of planetary mot[@woden, 1990].

Each of the three main approaches to the studseativity can be further divided into
sub-categories according to the following additidaators:single domairacross
domains the research can focus on a single domain (ssicheativity in science,
engineering, mathematics, arts etc.) or spreadgsactomainstH/P creativity-

following Boden'’s classification of H (historicadnd P (psychological) creativity one
can study great achievements of mankind such ao&di invention of the light bulb
or Einstein’s relativity theory , or everyday masfations of creativity such as the

process of solving a puzzleescriptive/ normative The approach to the study of
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creativity can be descriptive - how people actugéyerate creative products, or

normative - how creative products should be geedrat

1.2. Our approach

This research is divided into three main partsfitisé studies creative engineering
productsandsuggests setof features that characterize an important sulpfsittem;

in the second part a structunaecesghat guides the search towards creative
products is developed and evaluated; and the {hsgthological, part investigates the
basic cognitive processes that creapeepledraw on to solve engineering problems,
and strengthens the validity of the theories priesem the former parts of the

research by relating them to accepted theoriescatiwity.

A creative engineering product is often calledrarention. Although most people
associate with the termventionH-creative products such as the steam engine, the
laser beam and the like, we focus on smaller ealeeative inventions. Borrowing
Kuhn'’s terminology and applying it to the enginegrdomain, it can be said that this
work deals with creativity within ‘normal engineegi. The reason for focusing on
smaller scale P-creative inventions lies in themdte goal of this research - the
development of methods and training proceduresathiagnce the creative
competence of an individual or a team working oe@agineering problem. We
conjecture that H-creative thinking processes dma large extent on extra-cognitive
factors such as good timing (e.g. working on a [@mbwhen the relevant basic
technology had ripened); chance (e.g. working errigiht problem at the right time
and the right place); spirit and determination; &ndlly large scale social trends.
When studying H-creative revolutionary inventionsiharder to make a clear
distinction between these extra-cognitive factord thhe thought processes that lead to

the invention.

Altshuller [Altshuller, 85] proposed a classifiaati of engineering solutions to five
categories with an increasing level of novelty angntiveness. The categories are
the following: 1.Apparent solutionare simply selected from a class of known
solutions in a given engineering domairir@proved solutionare modified solutions

from a given engineering domain or are obtainea esmbination of known solutions
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from this domain 3lnventions inside a paradigare solutions produced as
combinations of known solutions from different belated domains (for example,
structural and mechanical engineeringh#entions outside a paradigare solutions
produced using knowledge from at least two mucfedht domains (for example
structural engineering and electrical engineerthd)iscoveries are solutions based on
new scientific principles (for example an x-ray miae based on the recently
discovered principles of radiation). As mentioned\g this work deals mainly with
Altshuller’s third category that deals with thogpé of inventions that do not

revolutionize an engineering domain and yet couatéla lot to its development.

The first part of the research draws to a largerexbn the pioneering work of
Geinrich Altshuller[Altshuller, 1985] who was onéthe first investigators of
creativity to recognize the importance of P-crga@ngineering products as a domain
for observation and research. Altshuller examimedisands of creative engineering
products, mainly from the patent library, tryingeixtract their common underlying
patterns. A careful analysis of Altshuller’s finds) formulated in terms of conditions
for creative engineering solutions, lead us tociveclusion that they suffer from
several flaws. Following this conclusion we con@dcbur own survey of a large
number of engineering problems and their corresipgnplausible creative and
routine solutions with the descriptive goal to fimdoncise and subjective
characterization of the creative ones. This suleag us to the formulation of clearer,
more precise and more teachable conditions fotigeeangineering solutions. We
labeled these conditions ‘sufficient conditions ¢ogative solutions’, rather than the
stronger ‘necessary and sufficient conditions’¢siit turned out that these conditions
are satisfied by a large and important set of sre&ngineering solutions but not by
all of them. The hypothesis that these conditioedradeedsufficientis validated
through an extensive empirical study and defengeelating the conditions to other

theories of creativity and good design.

The second part of the research was carried obttivit normative goal to develop a
structured method (see above what we meastriogtured leading the problem solver
step by step from the problem formulation to a tiveasolution that satisfies the
sufficient conditions. It is empirically shown thhe suggested procedure called SIT

(for Structured Inventive Thinking) is indeed etige in assisting problem solvers to
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find creative (conditions-satisfying) solutionseiegineering problems, but no claim is
made that inventors naturally use the suggestezbduwe in the course of invention.
The development of SIT was influenced in part l®/work of Finke [Finke, 1992]
who suggested an important distinction between itiwgrprocesses in which
meaning precedes structure (form follows functi@mg those in which meaning is

extracted from an existing structure (functiondals form).

In the third and last part of this research treifoshifted to the cognitive
determinants of engineering creativity. Using tieaning systenan empirical
method developed by Kreitler and Kreitler [Kreitl&@®76], and drawing on an
individual’s meaning assignment process to extnecor her preferred cognitive
processes, the fundamental cognitive processespindimg a successful use of the
SIT method have been identified. The significanicenis part of the research is
twofold: Firstly, the results, showing a psychotaily significant difference between
successful and unsuccessful users of the SIT metiodribute to its validation as a
creativity enhancement method; and secondly idengfthe cognitive constituents
that support the use of the SIT method can sertieealsasis for the development of
training procedures that will improve, by reinfargithe relevant cognitive processes,

performance in using the SIT method, and creatieblpm solving in general.

So far we have not supplied our own definition af@ative product. Since, as
mentioned above, there is an inflation of defimipwe saw no need to suggest yet
another one. We follow in that matter Johnson-Lsiview that for some research
projects the definition is the outcome of a reseaather than its starting poinioni

the whole, a priori definitions do not advance scie, but impede it. The advance of
science however, enables us to frame superior sepos definitions” [Johnson-
Laird, 1988, p. 202]The formulation of the sufficient conditions cawleed be
viewed as at least a partial (since these areaumssary conditions) posteriori
definition of a creative product. But since we depdan this work a set of conditions
that characterize design inventions, an acceptidatian procedure is needed to
convince the reader of their usefulness. For ecgglikialidation we use the accepted
working definition of a creative idea as an ideattis deemed creative by field

experts, in this case engineers. To analyze ti@nedé underlying these conditions
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we show that a solution to an engineering problatisfying these conditions can be

expected to be both original and useful.

Apart from specific theories of thinking, creatiyyiind design this research is largely
influenced by Simon’s vision of theeience of desigas ‘a body of intellectually
tough, analytic, partly formalized, partly empirldaachable doctring[Simon, 1981,
p. 132]. In line with Simon’s requirements our treant of the subject of engineering
creativity ispartly formalized the rules are stated in logical formulas, beirth
meaning still relies on human interpretatipartly empirical- in the first two parts of
the research an empirical study is used to justigyresults, while in the third part the
relevant cognitive processes are empirically idiexati Both the sufficient conditions
for creative engineering solutions developed infifs¢ part of the research, and the
SIT method developed in the second part, are teéelas will become apparent in

chapters 3 and 4.

1.3. The importance of the study of creativity to engineering

Engineering products are part of a rapidly changimgronment: customers’ needs
change, the physical environment changes, anctdmaological knowledge
accumulates rapidly. These changes bring with theth opportunities and problems
arising as technological systems fail to adapthinges. Creativity is needed to
identify opportunities and solve problems in a dipchanging environment. The
arsenal of tools at the disposal of an engineexytacludes mainly methods of
parametric optimization and concept selection léthks tools that support the creation

of ideas taking advantage of the unique (and sonestinew) situation at hand.

Engineers are expected to be creative, but mdbkeof seldom are. The fact that
innovative engineering products appear almost dailgt basis is due to the fact that
companies employ very few highly creative enginead inventors that ‘do the
thinking’ while the others are occupied in routarggineering. The development of
structured tools for creative engineering desighmake it possible to widen the
circle of those involved in the development of sleBhe development of theories and

tools for creative design will also contribute be tcurriculum of engineering faculties

11
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that currently draw mainly on analysis, while sy#is in general, and creative design

in particular are regarded as a subject to be tearhe job.

1.4. The organization of the dissertation

Chapter 2 presents a survey of the main theorieseativity and methods for
enhancing creative thinking that have been putdodvsince the beginning of the™0
century. The chapter is divided into two sectiarse dealing with theories and

methods, and the second focusing on theories delatengineering design.

Chapter 3 is dedicated to the presentation offteery of sufficient conditions for
creative engineering solutions. The chapter begittsan illustrative example of an
engineering problem and its creative solution. ie®ry of the conditions is then
unfolded through an informal discussion that héfygsreader get the feel of the
theory, followed by a formal presentation of tleeditions. Several case studies
elucidating the application of the conditions talrge engineering problems are
presented next. Then, the results of an empirtaalysaimed at demonstrating the
validity of the conditions is presented. The chaptels with a discussion of the
rationale behind the conditions and the way theyralated to other theories of

creativity.

Chapter 4 describes our proposed inventive desgghad (called SIT for Structured
Inventive Thinking) method. The chapter opens withescription at a conceptual
level followed by a detailed description of the hwat using a special description
language. Then, several illustrative examples destnate the SIT procedure. An
empirical study that proves the effectiveness a@fiSlpresented next. The chapter

ends with a comparative analysis of SIT versusratiethods.

Chapter 5 is dedicated to psychological aspedtseo$ufficient conditions and the
SIT method. The chapter opens with a descriptiaihh@imain research tool, the
Kreitler and Kreitler meaning system. Then the expental study is described
followed by an analysis of the results and theplioation to the previous results and

to the general understanding of creativity.

This works ends in Chapter 6 with conclusions amgsstions for further research.

The main topics suggested for further researchedaged to extending the SIT method

12
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to group thinking; computerization of the SIT prdaee; design from scratch,
adapting SIT to other domains such as softwargdesianagement, marketing,

advertising.

13
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Chapter two

This section reviews various theories of creatiaityl creativity enhancement
methods suggested by different investigators friehd$ such as Cognitive
Psychology, Artificial Intelligence and EngineeriDgsign. These theories reflect the
points of view of the investigators and the domaihsontent they have selected: Al
researchers emphasize computational aspects oifvdsegsychologists describe it in
more general terms, sometimes invoking such ‘blamtes’ as unconscious thought;

and engineers focus on technological innovatio® gdal of this section is twofold:

To provide a comprehensive review of what the sifiecommunity thinks of
creativity and related cognitive processes, it8rigsits possible

mechanization, and how it can be enhanced.

To lay the groundwork for a later discussion alibatdifferences and
similarities between current theories of creagiaihd the theory presented in

this work.

This section only presents theories and methodseativity which are critically

discussed later in the thesis when relevant.

The chapter begins with Section 2.1 that desciibetheories of creativity suggested
from 1926 until today; Section 2.2 focuses on eeeiing design theories of
creativity; Section 2.3 describes the four majeativity enhancement methods; and

finally Section 1.5 summarizes this chapter.

2.1. Theories of Creative Processes and Products

2.1.1. Creativity as Analogical Thinking

Many investigators claim that analogies play anangmt role in the cognitive
mechanisms involved in creative thinking [Holyoalddl hagard, 1995; Kreitler,

1990]. Analogies are characterized by two disgatlaimains - the source domain
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(often a well-explored domain) and the target donfabout which we use the
analogy to learn something new). For example, énatialogy between the solar
system and the atom’s structure the solar systeved@s the source domain while
the atom’s structure as the target domain. Anasogimnect the target and source
domains by creating an awareness of similar asp&ntdogies can be based on the
similarity between objects at the lowest level; simailarity between relations; and, on
a higher order, the similarity of relations betweelations. According to Holyoak and
Thagard “The most creative use of analogies depend®th noticing higher-order
similarities and being able to map isomorphic systef relations” [Holyoak and
Thagard, 1995, p. 34].

The use of analogies typically involves four stegedecting a source analog by
retrieving information about it from memory; mapgithe source analog to the target
and generating inferences about the target; ewatand adopting these inferences to
account for the differences between the targetsandce domains; and finally,

learning something more general from the succesalare of the analogy.

2.1.2. de Bono’s Theory: Creativity as Lateral Thinking

The term ‘lateral thinking’ was coined by de Bowule [Bono, 1969] to describe a
thinking process that progresses outside habiteimels of thinking. These channels
are shaped, according to de Bono, by incoming imé&dion, similar to the way water
shapes land. As water shapes land, in a like manceming information tends to
deepen the mind-channels. Like the shape of therviatd system organized only by
the internal forces of that system, the mind is alself organizing systenThe mind-
channels direct the flow of incoming informationasto associate different contents.
Thinking about one thing naturally invokes thinkiggout another. Routine thinking
occurs when one’s thoughts are allowed to driéixisting channels. Creative
thinking, on the other hand, occurs when thouglesdirected or when they
accidentally drift laterally across channels. Whga occurs, it results in what we
frequently call surprising ideas. One of the taalggested by de Bono for enhancing
creative thinking igprovocation.The role of provocation is to deflect thinking from
current channel to other channels. As exampleravgration de Bono suggests

thinking about square ‘wheels’ for cars. When tgyia think about possible benefits
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for such as design no known ‘mind-channel’ is usefnd the thinker has to explore

unfamiliar grounds.

de Bono’s model of creative thinking - crossingvestn well-established channels -
does not necessarily involve the creation of neanakels, but rather finding new
paths linking existing channels. Creative ideaglamse formed by connecting two or
more previously known, but unconnected, piecenfent. de Bono explains this by
the fact that every idea must be logical in hindsignd therefore must be connected
to the existing, well-established system of chamra# Bono uses what he calls K-
lines, a simple model of mind-channels to demotestiaw a new idea or insight can
emerge from an existing system of channels. Figtteshows a simple system of
such K-lines. The “depth” and “strength” of a micithnnel are signified by the
number of parallel lines. In an intersection oeknthoughts always flow to the
direction of the stronger line. Now, consider time$ in Figure 2-1 a. Assuming that
a thought entered the system at segment 1, it wbeld move to segment 2, from
there to 3, 4, 5, 6, and finally back to 1. It witver get to the solution represented by
S. If, however, due to accidental or other circianses, a thought entered the system
at point 1 in Figure 2-1 b, it would flow to segm@n 3, and finally arrive at solution
S. One strategy for creative thinking arising frims model is “try changing entry
point”. de Bono suggests mechanisms of random &imn and provocation to assist

creative problem solvers in changing entry points.
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1(7) S S(3)
2

Figure 2-1. de Bono’s K-lines model describing$uggestion for the mechanism of
insight. In K-lines Models, the number of parallaks represent the strength of a
thought channel. The left K-lines model (a) repnésa situation in which a thought
entering the system at segment 1, moves to segtné&oim there to 3, 4, 5, 6, and
finally back to 1, never to arrive at the solutr@presented by S. In the right K-lines
model a thought is entering the system at a diftessegment (now marked 1), from
there moving to Segment 2 (a stronger channelfrand there to 3 which is the

solution.

2.1.3. Guilford’s Theory: Creativity as Divergent Thinkin g

Divergent thinking is defined as the ability to guze a diversity of responses to an
open-ended problem [Guilford, 1959]. The importaotthe concept of divergent
thinking lies in the fact that divergent thinkirgsts have been used in the past 30
years to asses the creative potential of indivisluBthe responses for these tests are
evaluated in terms of four measuriisency- the raw number of responségxibility

- the number of different categories of responsggjnality - the uniqueness or
statistical infrequency of the responses; alathoration- the richness of the content

describing each item.

Guilford hypothesized that in the course of probkatving a creative individual is
likely to use firstdivergent thinkingthat draws on fluency, flexibility, and originfi
in order to “diverge” from what is known to origindeas. The individual then uses
convergent thinkingthe logical mode of thought, to converge on a sirsgllution, or
idea. Divergent thinking tests, although frequented, fail to correlate with real-life
creative performance [Baer, 1993]. Baer suppliedftfiowing explanation for the
limited predicative power of divergent thinkingtes'lt is possible that divergent

thinking skill can be present but not employeddrapriate times - and there is ao
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priori reason that this could not be the case - thanpbssible that, because students
(or, for that matter adults) have not been traitwedgse divergent thinking in
creativity-relevant situations, this skill may hditde affect on their performance” (p.
17). In regard to the above idea, Baer suggestslihergent thinking may reflect

competenceather tharperformance

2.1.4. Mednick’s Theory: Creativity as Remote Associations

The most famous associative theory of creativityielnick’s theory outlined in his
“Associative Basis of the Creative Process” [Me#nit962] and operationalized in
the “Remote Association Test” known as the RAT. Bhsic elements of Mednick's
theory are ideas, or other meaningful cognitivenglets (in contrast to connectionist
mind theories, in which basic elements typicalljfezthneurons do not carry any
meaning). Association means activation of one efgras a result of an activation of

another.

Mednick suggests three mechanisms for associatengqusly unconnected elements:
serendipity- a chance event stimulates two, previously utedleelementssimilarity

- the two associative elements, or the stimuli gwatked these elements, are similar;
andmeditationof common elements, typically through the useyailsols. The most
important concept of Mednick’s theoryassociative hierarchythe way an
individual's associations are organized. Creatidividuals will have a flat hierarchy,
meaning that each element is connected to manysptless creative ones will have
steep hierarchies in which each element evokesfearpther elements. A flat
hierarchy system better supports the invocatiomafe remote, original, and
surprising associations. Another type of creatiassociative hierarchy, according to
Mednick, is a steep, but unusual, hierarchy, inclwla stimulus leads to few, though

highly original, responses.

Mednick developed the Remote Association Testsessan individual's hierarchy
structure. Each item in the test consists of thwerls such as “cookies”; “sixteen”;
“heart”. The task is to find another word thatetated to all three (in this case the

word is “sweet”).
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2.1.5. Koestler's Theory: Creativity as Bisociations

Bisociation, a term coined by Koestler [Koestl&36&], is a thinking process in which
one combines two habitually unrelated and incorbfgiatrices of thought. The

term matrix refers to any skill, ability, or angtgern of activity governed by a set of
rules - its code. Koestler notes that routine timglkprocesses operate on a single
‘plane’, such as when following a single setutds or playing a single game. The
bisociative, creative process, whighvaysoperates on more than one plane, is double

minded, or involves playing simultaneously morentbae game.

Koestler perceives humor as representing manyeoptbperties of the creative act.
He uses the following anecdote to elucidate hisrthel'he Marquis of the court of
Louis XIV who, on entering his wife's boudoir andding her in the arms of a
Bishop, walked calmly to the window and went thriodige motions of blessing
people in the street. 'What are you doing ?' dhedanguished wife. ‘Monsignor is
performing my functions,' replied the Marquis, I'so performing his'. That this

anecdote makes people laugh is due to the stongspected ending.

But the unexpected alone is not enough to produwerac effect. The unexpected
must be perfectly logical, within a framework o§io or set of game rules that are
usually applied to a different situation, in oteards, ‘bisociated’ logic. In this case,
the two unrelated matrices of thoughts were: ausband finds his wife in bed with
another man’ and b. the logic of cooperative woxkvision of labor'. If the anecdote
ended in the husband singing a happy song, the wtmuld not be as amusing since a

true relation between the two cases would not baem formed. .

Koestler cites a number of case studies of bisodian science: Gutenberg who
invented the printing process combined the teclesai the wine press and the seal;
Kepler in discovering the form of planetary movemamund the sun married physics
to astronomy; Darwin connected biological evolutaith the struggle to survive.
Koestler claims that unconscious thinking playsnaportant role in the process of
Bisociation. In the incubation phase (see Sectiril2) of a problem-solving process,
combinations of thought matrices are formed onotarilevels of consciousness (from
completely conscious to completely unconsciousjs @htivity creates a state of
receptivity, the readiness of the 'prepared nimg@ounce on a favorable chance

constellation, and to profit from any casual hiftie function of the unconscious
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seems to be mainly to keep the problem constantiye agenda, even while

conscious attention is occupied elsewhere.

2.1.6. Newell and Simon’s Theory: Creativity as Search

Newel and Simon [Newel and Simon, 72] view the ¢tigm system as a goal seeking
system connected to the outside environment througlkinds of channels: a sensory
channel through which it receives information amel and the motor channel through
which it acts on the environment. The system hasong for storing both kinds of
information: information on the current and pastest of the environment and
information of possible acts. Goals are attainethiycognitive system’s ability to
build associations between particular changes therstate of the world and

particular actions that that will bring these chesmgbout.

The above assumptions about the mechanism of treto@ systems lead Newell
and Simon to develop the Means-Ends Analysis moidebgnition and to the
construction of the GPS computer program that saateslhuman problem solving
based on the Means-Ends analysis model. GPS &ensyhat searches selectively
through a possibly very large environment in otdedliscover and assemble
sequences of actions that will lead it from a gisgnation to a desired situation. At
any given moment GPS is always faced with a siggksstion: “What action will | try
next”. When faced with a difference between theaentrstate and the desired (End)
state GPS searches for an action (Means) that resgrtbe difference. If no such
action is found, GPS searches for an action thabawilecrease the difference
(according to some domain-specific metrics) eith@m the current state to an
intermediate state or from the goal state backtmi@rmediate state. This results in a

new difference to be removed and the process agrgirecursively.

2.1.7. Lenat’s Theory: Creativity as Heuristic Search withcriteria for

interestingness

According to Lenat, heuristic search can accountrfany cognitive activities
including creative problem-solving: “It turns obat we can model a surprising
variety of cognitive activities (recognizing, prebi solving, inventing) as search in
which the performer is guided by a large collectodinformal ‘rules of thumb’
which we shall call heuristics or heuristic rul¢sénat, 1978, P. 262]. Although,
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according to Lenat, each heuristic has its own diemBapplicability outside of
which it is meaningless or useless, he claimsrtiaty heuristics are identical, or, at

least similar across domains.

Lenat lists examples of possible heuristics ina@idomains. For the domain of
everyday inventiorfor example, Lenat suggests, among others, thewoil rules of
thumb: “Try to do something more general than whatrictly requested” (e.g. if you
want to invent a new cheese cutting device, thinkuttingin general instead of
cutting cheege "Consider what variables affect the successffaibf the current
(inadequate) technique and look for motivatiornatéxtreme cases of the various
known relationships involving those variables” (d@lgere is relationship between the
thickness of the knife and the thickness of theestif cheese, so one may consider
using an extremely thin knife which could be ia thire); “Look carefully at what is
truly wanted, maybe the problem can be bypasseeérmaps it is over-specified (e.g.
maybe it is not necessary to cut cheese; one @al thstead, of a ‘cheese press’ that

takes the crumbs and squeezes them into shapesdbatble cheese slices)”.

Several computer programs use heuristic searctrit@ at innovative solutions or
concepts. Lenat describes, DENDRAL, a heuristiceedaomputer program aimed at
enumerating atom-bond graphs of organic molecudesldped by Feigenbaum and
Buchanan [Feigenbaum, 1977]. DENDRAL produced tesnlits very specific field
that were interesting even for experienced chenidENDRAL’s success, Lenat
argues, lies in the fact that its few dozen heigasepresent a balanced set of both
highly domain-specific and more abstract domairepghdent heuristics. Lenat’s own
program AM and its successor, Eurisco, were dedigmeliscover interesting new (at
least for the program) mathematical concepts. Boblgrams were guided by a set of
a few hundred heuristic rules of varied generdkyriscoalso included second-order
heuristics whose manipulatory domain was otheribgcs). An example of a

heuristic used by AM is: ‘If F is an interestingesption, then look at its inverse’.

AM began its investigation with a set of one huddeEementary concepts of set
theory and discovered natural numbers, primespaandy other number-theory
concepts. However, at a certain point, the progsapped producing any new

interesting concepts. The explanation Lenat supptiethis behavior is that when the
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program arrived at more specialized fields, suchuasber theory, its set of heuristics

was too weak to effectively guide it into more nef&ing concepts.

2.1.8. Perkins’s Theory: Creativity as a Search in a “Klordike space”

Perkins [Perkins, 1995, 1995a] views the creatreeg@ss as search through a space of
possibilities to attain end-states called resohgid’erkins metaphorically likens
search in a space of possibilities to searchinggddd in the Klondike, where the
fundamental principle is: ‘Gold is where you fintd The most obvious heuristic for
search in a Klondike space is to start at a ceptaint, test some points around it, and
then move in the direction of the highest payoficlsstrategies are callédl-

climbing by Atrtificial Intelligence researchers. Two fundamtal problems are
associated with hill-climbing strategies: firsteyhdo not necessarily lead to the best
solution; and second, and even more importanganching for gold (or for a creative

solution) hill-climbing leads to where everyoneeeis going.

Perkins identified four distinct regions of a predol space, each posing a unique
difficulty to hill-climbing. It is in these region$ie argues, that creative ideas are
likely to be found. The four problems are: tiaeity problem,arising in a part of the
search space in which resolutions are very rarengrtite possibilities in question; the
isolation problemarises if resolutions lie in another part of tlessbilities space, not
accessible to the search mechanism except by aiwaigirules in some sense (e.g.
temporarily switching to ‘hill-descending’ stratggthe oasis problems linked to a
region of the problem space where search lingeasdas close to success but not
quite there (i.e. the problem of local maxima ia ttlioms of heuristic search); finally
theplateau problenwhich arises in large regions of a search spa@eminere is no

indication of promising directions of search.

Perkins describes the different strategies invenise to tackle the four problems.
Therarity problemis solved through automated search, teamworkysbeof

heuristics to prune large segments of the searabespnd the use of heuristics to
direct the problem-solver towards promising larelg.( combining something with its
“inverse”). Another strategy for dealing with thaity problem is to search in a
(supposedly smaller) space of abstract conceptsisdlation problentan be solved

by searching through nonviable, yet interestingn But truly isolated areas of the
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search-space can be reached only by sheer charmdtivated chance (i.e., the
researcher deliberately opens himself or herseitte, varied, information). The
oasis problentan be solved by becoming aware of it, by chanthegoint of entry
(an idea that is reminiscent of de Bono’s theorineight - Section 1.2). Thaateau
problemcan be solved by systematized chance, or by ttgindentify the boundaries

of the plateau and simply jumping from there toeotdistricts of the search space.

2.1.9. Hofstadter’s Theory: Creativity as Variations on aTheme

Hofstadter’s theory of creativity [Hofstadter, 19&Baws on a “simple but crucial”
distinction between an object and a mind’s conoéphe object. Hofstadter
metaphorically views concepts as “a metallic blaok with a panel on it, containing
a row of plastic knobs with little pointers on thetelling you what each one’s setting
is” (page 234). To make the metaphor of a ‘knobi@dhine’ more useful for
modeling concepts, the concept of ‘knob’ shouldtretched to allow for new knobs
to emerge, depending on the setting of other knmbsyen depending on other
concepts currently in the active domain of concémbsreal machine has these
features). The concepts, according to Hofstadtertdome with a fixed number of

knobs from the outset. An infinite number of theam spring into existence.

Using the knobbed machine metaphor, Hofstadterdbesccreativity as a mechanism
that supports the making of variations on a thegnehanging the setting of the
knobs or by extending degrees of freedom througbgm®izing new knobs. Creativity
‘enjoys’ the fact that concepts have a natural eyl of “slipping” from one into
another, following an unpredictable path. An exadla slippage may be someone
saying “Tuesday” meaning “February”, thus slippfrgm the concept of gear

(divided into months) to that ofvaeek(divided into days). In this accidental slippage,
the unconscious mind confused the concept of yéartive concept of week and the
outcome cannot be considered creative. Hofstadgelea that the same mechanism of
slippage, one that is nonaccidental, yet still comen-deliberately from the
unconscious mind, accounts for truly creative idéakis article, Hofstadter refers to
Koestler’s theory of bisociations saying that “tiiew emphasizes the coming
together otwo concepts while bypassing discussion of the intestnacture of a

single concept ... By contrast | have been empimasthe internal structure of one

concept” (page 251).
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2.1.10. Gestalt-School’'s Theory: Creativity as Breaking Set

Gestalt is defined as an overall quality of a contd consciousness that transcends its
parts. In the context of engineering Gestalt casdié to be “An overall utility of a
system which is different than that of its individparts™. The whole is more than
the sum of its parts, and that additional qualéty be transposed, which means that
the same content can support different Gestalts. fEature of Gestalt is commonly
exemplified by the shift in perception often ocaugrwhen viewing pictures such as
the famous rabbit-duck picture or the Necker c@estalt psychologists use the term
Insightto refer to the moment the Gestalt changes. KdKienler, 1947], for

example, views insight as a process occurring vithemroblem-solver suddenly re-
organizes visual information in a way that satstiee requirements of the goal.
Perception involves building an organized strucfar&estalt) from visual input

while creative thinking involves breaking and reamiging that structure. Duncker’s
view of the creative step focuses on the processfofmulating the given

information or the problem solving goal so as tivarat a more productive problem
formulation [Duncker, 1945]. As an example of refolating the given information,
Duncker presents the following problem “Why aresatl digit numbers of the form
XYZXYZ such as 267267 divisible by 13?” To solvetbroblem the problem-solver
must redefine the given information so as to recgthat XYZXYZ = XYZ X 1001
(and 1001 is divisible by 13).

Gestalts psychologists were interested in the fagiceventing problem-solvers from
arriving at creative solutions. Duncker introdutlee concept oFunctional Fixedness
as one of the important mechanisms leading to isgod=unctional fixedness occurs
when a problem-solver thinks only of using an obfecits most common and

habitual use in a problem that requires a novelbfisieat object.

2.1.11. Boden’s Theory: Creativity as Exploring and Transfaming a
Conceptual Space

Generative rule systemi$ structures such as English grammar, mathematical

equations, and the like are fundamental to Boden’s theory of creatividggch

! This definition is due to Thomas Arciszewski
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generative system can (timelessly) describe afggissible structures. Sometimes we
want to know whether a particular structure cowdgénbeen produced in principle by
a certain generative system. For example, one magftvhether a certain logical
formula could have been derived by a generativeesysomposed of a set of logical

axioms and derivation laws.

Margaret Boden views creative ideas as onescthadt nothave been generated

before by the generative rule system. In conteastgerely novel idea is one that can be
described by the same generative system as otimeitidr ideas, but for some reason
had not been produced before. A truly creativa ideone that cannot be so
described. According to Boden, creativity alwaysoives tacit or explicit reference to
some specific generative system. The view of creatleas as ones that cannot be
produced by a certain generative system also lgigtslithe importance of constraints

in creativity - they make creativity possible.

The creative process as exploring and transformuoanceptual spacmllows from
Boden'’s view of the creative product. A concepgspce is the organizing principle
that unifies and structures a domain of thinkingjmother words, its generative
system. Exploration of a conceptual space camselomething about its nature, show
us the limits of the space, or identify points wehehanges can be made. Changes of a
conceptual space can be small (a “tweak”) in aixualy superficial dimension of the
space, or large (a “transformation”) in a fundamaedimension. Boden lists some
possible mechanisms for transforming a conceppedes dropping a constraint (for
example, the development of non-Euclidean geonvedis/made possible by dropping
Euclid's fifth axiom) and negating a constraint {gthis different from dropping a
constraint). She also suggests some tweaking tiearikok for numerals in the
conceptual space and change their value (in swayan artist may draw a face with

three eyes).

2.1.12. Finke’s Theory: Creativity as a Process of ‘Functio Follows Form’

Finke’s [Finke et al., 1992] distinction betweenreltgent and convergent insight
reflects the classic distinction between divergamt convergent thinking. Finke’s
theory deals with divergent insight which is delsed as a process of ‘function

follows form’. One begins with a structure and setkfind novel uses or novel
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implications for that structure. As Finke notes1 tivergent insight one tries to find

meaning in the structure rather than to structoaé which is meaningful”.

The structure one uses as a starting point forgerg insight is defined by Finke as
‘pre-inventive form’. To determine the factors tladfiect divergent insight - in
particular the role of pre-inventive forms - Fintaried out a set of experiments in
which pre-inventive forms were represented by &ctibn of 15 drawings of mostly
three-dimensional geometrical shapes such as aesplmalf-spheres, cubes,
cylinders, wires, tubes and wheels. At the stagamth trial, three of these figures were
selected at random. The subjects were instructaddall three parts to imagine an
interesting-looking object, one that might be ukefisome general way, and yet
which did not correspond to any specific famitigre of object. (The subjects were
not asked at this point to elaborate on what ntghthe function of the object). The
subjects were then given the name of a generatotgeegory selected randomly
from a set of eight possibilities (e.g. furnituagpliances, scientific instruments).
Subjects were to interpret their pre-inventive f@asna practical object or device
within the given category. All tasks were time doased (1 minute for both tasks).
The resulting inventions were rated by judges &rpaint scale for their apparent
originality and practicality. If the form scoredghiy both on practicality and

originality, it was considereda@aeative invention

The results of the experiment showed that about @b#te trials were rated as
creative inventions - a high figure indicating thatced divergent exploration
enhances creative performance. Allowing subjecthtmse the three objects from
which the pre-inventive form was constructed octioose the category reduced the
likelihood of producing a creative invention. Eviarcases where the category was
presented before the three forms (and thus theeptee form was constructed with a
goal in mind) reduced creativity. The results iradé; Finke argues, that divergent
insight is enhanced by forcing a truly ‘functionléevs form process’ in which the
pre-inventive form is constructed with almost nference to its function, implication,

or meaning.
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2.1.13. Wallas’ Theory: Creativity as a Process of Preparaon, Incubation,
lllumination and Elaboration

Wallas, drawing on Poincare’s [Poincare, 1913] atier introspective reports
formulated a theory of the creative process basategessary stages. In Wallas’s
theory, the act of creation begins in fireparationstage where the existence of a
problem, a deficiency or a need is identified; él@ments involved in the situation
are explored; and some ideas for solving the prolaee evaluated but are found
inappropriate. After completing the preparatiorgstahe problem-solver enters (often
unintentionally) thencubationstage in which the problem is put aside and no
conscious thought is devoted to trying to solv&lite problem solving process
continues, however, on the subconscious levelehtind where many combinations
are tested until one of them suddenly, in a fladshsght, crosses the boundaries to
the conscious level - an event that constitutedltimination stage. Since it is most
likely that illumination will not bring with it thesolution with all the necessary details
or, very possibly, the idea may even be simply \yr@m additional stage,

elaboration is needed to work out the details and verifyitiea.

Wallas’ model of the creative process has beenlwatzepted in the cognitive
science community [Torrance, 1988] and has matvather researchers to suggest
refined models of the events that occur during edi¢he four stages. Seifert et al
[Seifert et al, 1995] used laboratory experimeatstudy the different stages. Their
findings point to the role of failure in the preaton stage: “When an impasse has
been reached, it must be deemed such in ordespleatal facilitative memory traces
of the impasse get properly stored” (p. 110). Thaidy of the incubation stage made
it possible to identify three substagegermediate incubatiom which the problem-
solver is engaged in other activities that increhsgprobability of incidental exposure
to various external stimulexternal exposure to new informatiomwhich the
problem-solver incidentally hits upon a piece dbrmation that supplies the
necessary cue for solving the problestrieval of failure indicesn which exposure

to new information triggers the access of failurdices associated with a prior

problem-solving impasse.

Hadamard offered a model of the incubation stagedraws on a three-level model
of the mind: the fully conscious, referring to alaily mode of thought in which we

are aware of the mental steps we traverse; thengomws level, referring to thought
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processes that are not available to introspectind;the fringe level, the gray area
between the two extremes in which we are awardes#s but are not focusing on
them [Langley and Jones, 1988]. According to Hadisanodel, during the
incubation stage the unconscious takes chargactnaly evaluates alternative
solutions and combinations, as if working on pugo®hen one, very promising idea
is found, the unconscious level transfers it toftimge level. The mind seizes on this
new idea and experiences the illumination stagenktad's view is in contrast to
many of the more recent theories of incubation émaphasize chance combinations in

the subliminal as the mechanism of incubation [€a#ktmihalyi and Sawyer, 1995].

Selective-forgettingSimon’s [Simon, 1977] model for incubation effex$sumes that
the incubation phase allows problem-solvers todbngappropriate solution strategies
that previously impaired the solution process. éliph the four stage model has been
widely accepted, doubts are still heard. For eXap®erkins argues that “There is
little reason to believe that incubation, in thesseof extended unconscious reasoning
exists” [Perkins, 1995].

2.1.14. Creativity as a Second Order Change

The authors of the book Change [Watzlawick et @79 make an interesting
distinction between two types of system chanfjest:order changes in which system
components are modified at the logical level ofsteam’s framework; angecond
order changes which operate on the meta level (i.ethanohigher level system for
which the current system is either a sub-compooeatsub-category). Although not
referring directly to creativity, the examples give the book suggest a close link
between solutions incorporating second order cheaagd creative solutions. A
simple example (though our own, not the autholsd} tlarifies the difference
between first order and second order changesaseain which someone accidentally
exits the elevator at the wrong floor, goes to ‘Gfiece” by following the same path
he is accustomed to, and than unsuccessfullyttsiepen what he thinks is his office
(or worse, bursts into someone else’s office inrthedle of an important meeting).
First order changes in this case include such mases/ing harder or trying another
key; second order changes require viewing thetsituat a meta level (the building)

instead of at the current level (the corridor,la tloor). Solutions at the meta system
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level often seems paradoxical at the system lemeésconflicting requirements must

be satisfied.

2.1.15. Schank’s Theory: Creativity as a Mechanical Process

Schank [Schank, 1988, 1995] tries to view creatiag a computational mechanical
process. Arguing that behind the creative procesagorithm must exist in principle,
he tries to characterize such algorithms usingeaiapconstruct calledxplanation
patterns(or XPs). Schank deals with a particular kind r@ativity: the creation of
novel explanations. An XP is a standard explandboman event that has been used
many times before. XPs are thus a type of fossilieasoning, a culturally shared
pattern. Creative explanations can be formed bydwtsecutive sub-processes: a
search process for candidate XPs (that are stonegtmory) and a modification and
adaptation of an XP in such a way as to allow giamation originally derived from

one situation to be relevant to a rather diffesiation.

Creativity, Schank argues, perhaps means no maretkte application of technique or
a rule where one would not expect to apply its lmnintentional misapplicatiorof

XPs. Constructing an explanation is the essenceeativity, because explanations are
predictions about how things will happen. The duea¢xplanation starts with a
failure, and ends with an explanation of why thevpyus explanations have failed.
According to Schank, the most important part of¢teative process is to notice that
something is wrong. To make computers creativey thust be equipped with the
ability to detect anomaly (a situation where nmdtad explanation is known), and
then the ability to change the original situatiorewvent, through a standard set of
explanation questionsQs, that are asked whenever an anomaly is fothmel EQs
transform the current unexpected event into oneahaXP in the storage, attached to
a different event, would fit and serve as an exgian (an intentional misapplication)
for the current event. In order to achieve this, tilachine has to be supplied with a
great many XPs and EQs. In addition to EQs, twepkiles can be used to modify a
situation so that a standard XP can be attachedSohank specifies the following
rules as ones that may be used: “If a rule appli@sgiven situation, try reversing its
actors and objects and see what happens”; or “Rttae the obvious object, change

the obvious into another object that also satighesule”.
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2.1.16. Weisberg Theory: Creativity as ‘Nothing Special’

The 14 theories of creativity presented above,dhalifferent in their approach to the
mechanism of creative thought, have one thing mroon: they all view the creative
process as one that is qualitatively different fratimer non-creative problem-solving
processes and hence try to expose its unique &satiar contrast, Weisberg
[Weisberg, 1993] argues that the so-called ‘cregpinocess’ is nothing but a
manifestation of good problem-solving. The fact tm&st researchers view the
creative process as a distinct phenomenon is atitakto what Weisberg calls “the

myth of genius”.

Creative thinking, according to Weisberg, beginghwhat we know, but also goes
beyond the past, on the basis of new informati@irey from the situation. Weisberg
suggests the following mechanisms as ones thatlimgeoblem-solving processes
that may seem (to the problem-solver and possibbthiers) as creative processes:
near analogiesn which target analogy selection is based orestBimilar cues that
exist in both the target and the source domasgociations-chaitriggered by an
environmental event and resulting in an unexpeicted (unlike Mednick’s theory
Weisberg makes no distinctions concerning the stra®f the association hierarchy);
revisions and modificationsin contrast to some creator’s reports descriltegy
creation as conceived whole or brought forth withewision, any large scale work
begins with only a glimpsing of the final productdaalways undergoes revisions and
modifications between their initial and final fordll the above mechanisms are types
of ordinary thinking used by ordinary people andagrachievers alike. Individual
differences in creative output, Weisberg arguasedrom domain-specific expertise,

environmental support, chance, motivation, and cament.

2.2. Engineering Design Theories of creativity

Theories of engineering creativity draw on theoaésreativity in general. However,
limiting the focus to engineering domains enabkskarchers in engineering
creativity to present their theories in less alestn@ore concrete terms. Although
many engineering design theorists treat creatfuityn the viewpoint of its
computational automation, in this section we pretegir basic ideas about

engineering creativity without going into compubaial issues.
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2.2.1. Creative Design as Case Based Reasoning and Us€&iadt Principles

The process of engineering design draws to a kxtgent on the retrieval of past
designs or design principles which are then adajotedrrent requirements. Past
designs can be stored in two different granuldeils, both of which can potentially
give rise to creative designs: pieces of elabatasegn solutions at a low granularity
level, and first principles at a high granularigy¢l. Using elaborate design pieces to
support new design salled case-based reasoninthe science of case-based
reasoning deals with how to re-use solutions tgootiblems for solving new ones,

how to build and search case libraries, and homeoge and adapt cases.

According to Kolodner [Kolodner, 1993], creativesdg in the generative phase
involves incorporating familiar design pieces, ame the other, using or modifying a
well-known design piece in unusual ways. Sinceraldesign processes mentioned
above rely heavily on previous design experiencased-based reasoning can be one

of the methods to model them.

Design from first principles is opposed to desigmf libraries of design fragments.
According to Wiliams [Wiliams, 1990], creativity &facility to construct non-
obvious solutions which are qualitatively differérdm those seen before. Libraries of
designs, he argues, use but do not produce inmovdthey have no ability to use first
principles, or to focus their application on consting innovative devices. A way to
accomplish invention is to reason from fundamepitaiciples of physics that
characterize technologies. Design from first gples relies on causal, qualitative or
computational knowledge used abductively to reflatetion to behavior, and

behavior to structure without the use of compiledwledge [Cagan and Agogino,
1987].

2.2.2. Creative Design as Increasing Dimensionality

Cagan and Agogino [Cagan and Agogino, 1987] exmesmcept of creative design
that is similar to Boden'’s view of the creative gges in general: “Non-routine Design
differ from routine designs in that the latter dezived from a fixed space while the
former are characterized by an expanded desigresfaage 95). Based on their
definition of non-routine design, Cagan and Agoguggest a computation

mechanism that uses optimization information to enaécisions on how to
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manipulate and expand the design space by introdu@w variables, thus increasing
its dimensionality. For example, in the course @digning an optimal beam, their
program can expand the initial design space comgrisvo variables - dimensions of

rectangular cross section - with a third variablle beam’s taper angle.

2.2.3. Altshuller's Theory: Creative Design as OvercomingContradictions

According to Altshuller, a design is creative whieresolves a conflict but not
through tradeoff or compromise [Altshuller, 198Altshuller generalized his theory
by observing a large number of engineering inverstiand juxtaposing them with
ordinary or routine solutions suggested for theesanoblem. Since Altshuller theory
forms the basis for this research, a more detaisdription in Chapter 3 describes
the theory of the sufficient conditions and howytlaere developed from Altshuller’s

principle of conflict resolution.

2.2.4. Ulrich’s Theory: Creative Design as Function Sharim

Function sharing in mechanical design, accordingltah [Ulrich, 1988], is the
simultaneous implementation of several functionanrartifact, by a single structural
element. Ulrich states three main reasons forrtiportance of function sharing in
engineering design: first, designs that exhibitcfion sharing are in most respects
better than those that do not (fewer parts, eassembly, less required maintenance,
better performance due to decreased size and wadight second, awareness of the
process of function sharing allows the designéhitak in a modular, decomposed
fashion with the option of subsequently using fiorcsharing to make the design
more efficient; third, function sharing is one bétsources of novelty or interest in
mechanical design. Ulrich suggests the followingcpdure for function sharing: 1. a
structural element is deleted from the physicatdpson; 2. alternative features that
can potentially implement the function of the detkelement are identified; 3. the

identified features are modified to accentuaterttiesirable secondary properties.

2.3. Method for Supporting the Creative Process

This section presents four of the most popula@gtority enhancements methods used

currently by corporations. The methods differ iaithunderlying principles, reflecting
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the various theoretical approaches for the creatigeess presented in the former

sections.

2.3.1. Altshuller: TRIZ

TRIZ a Russian acronym for Theory of Inventive Problestvi@g (or TIPSin

English) was developed by Altshuller [AltshulleB86] and is continually being
developed and modified. One of the newest verssbARIZ is called Ideation-TRIZ
and is being by Ideation International in the USdeption, 1998]. TRIZ is composed
of a few distinct problem-solving and problem-défon procedures and principles as
well as a unifying algorithm called ARIZ. the folling list describes some of TRIZ’s

main elements, some of them developed recentlgdgtion company.

Innovation Situation Questioner(*). A list of questions the problem solver should
answer about the problem at hand. The followirg sample of these questions: think
about the worst possible consequences if the proldaot solved; consider

appropriate typical problems; consider bypass wag®lve the problem.

Ideality Principle. One of TRIZ’s most important principles. Idealiydefines as the
ratio of All useful functions over harmful functisnAccording to Altshuller the very
being of a system cases harmful effects (cost,we|uvear etc.) and therefore “the
ideal system is when there is no system”. TRIZ les two main approaches for
achieving close-to-ideal solutions: use of resosier®d use of physical, chemical,

geometrical and other effects (see next for motailde

ResourcesResources in TRIZ are entities that can be obthfar free (in the broad
sense of the word), and that be harnessed to pedesired functions in the system.
Resources generally reside in the system itself iis environment. Since they are

there anyway one can utilize them for free.

Operators: “ready made” solutions learned from past probleBech operator point
to the way a specific problem situation can bee/\ here are three type of operators
in TRIZ: principles, standards, and effects. Thigiedin their abstraction level and in

the way they are indexed.

Contradictions. TRIZ identifies two types of contradictions: tectati contradiction
and physical contradictions. Technical contradittiare a situation where an

improvement that is made in one feature of a systieectly leads to a deterioration of
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another. Physical contradictions are formed whenretls physical attribute that needs
to be high and low (at the time and location),har attribute needs to be present and
absent simultaneously. In TRIZ one has to ideriii§f a technical contradiction and

then derive from it the physical contradiction.

Contradiction table. A two dimensional look-up matrix that connectg paf
physical attributes representing physical conttamhis (e.g. length and weight) to
operators that are known from past experience tapable of resolving the specific

contradiction.

Principles. based on the specific type of contradiction, rdedi by the variables
involved, that a case can potentially resolve.&@mple, if a problem involves a
conflict between théength of a mechanical elemeand itsstrength(increasing
length deteriorates the strength), the method wirtbe problem-solver to look at

relevant principles.
Standardsare more elaborated ideas based on past sol{fi6rexist)

Effects. a collection of physical, chemical and geomatreffects indexed according

to the functions that each effect can carry oub @000 are known).

Substance-Field modeling and analysi®A model of a physical problem comprising

three components each can be either a field obstaunce.

Engineering System Analysisin TRIZ system analysis comprises the following
steps: analysis of system’s structure includingesyselements, subsystems and the
way they are connected, system environment; det@mgthe primary useful function
of the system, and a graphical model depictingrddsand harmful relations among
system elements; analysis of the past, presenfutune form of the system, its

subsystems and super system

Anticipatory Failure Determination (*). A method for determining the root cause of
a problem. The method is based on an interestirgysal of the thinking process:
instead of thinking “what could have caused théojem”, the problem solver is
guided to think “how to create the undesired eféemsociated with the problem”. To
solve this “how to” problem (generating the undegieffect) one can use the power

of TRIZ itself (e.g. look for resources to generidite [un]desired effect)
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Patterns of Evolution of SystemsThe identification of distinct patterns of evadurt
of engineering systems was based on the premisernfjaeering systems evolve not
randomly, but according to objective patterns tzat be extracted from patent
literature. The following lists the main patternsabvered by Altshuller and his

disciples.

There are distinct stages in the evolution of desgghat can be depicted by an
S-curve whose arcs are: childhood, growth, matudigégline. When dealing with a
system one has to determine its current evolutiagesand derive from that
desired ways of improving it (e.g. if a systemnghe decline stage may there is

no point in further improving it and its betterrtwve to a new technology)

Systems evolve toward increased ideality (See abdMRIZ’s definition of

ideality)

System elements evolve in a non-uniform rate ¢aeh element evolves
according to his own S-curve). This results in cadittions that halt the system’s

development. Their elimination allows the systersdatinue to improve.
Systems evolve toward increased Dynamism and aitatiility
System evolve in pulses of increased complexitgp¥atd by simplification

System evolve by matching mismatching elements fg.gnserting an

adapter) or vice versa casing matching elementsismatch

Systems evolve by replacing elements that operatbemacro level (e.g.
mechanical grips) with elements the operate omticeo level or by the use of

fields (using magnet).
Evolution toward decreased human involvement

The technique of “smatrt little peopl€. Using this technique the problem solver is
guided to model the (yet unknown) agent that ise@dded to the system and operate
there so as to reduce the undesired effects agsoeigth the problem as a collection
of smart little people. By determining their exaction, location, timing etc. the
problem solver characterizes the physical objeattighcapable of solving the

problem.
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ARIZ. A Russian acronym for “Algorithm for InvengvProblem Solving”. ARIZ is a
logical structured process that incrementally egsla& complex problem to a point
where it is simple to use. ARIZ integrates diffdrpieces of TRIZ by asking
questions and by pointing to the relevant tool sppecific problem solving stage.

ARIZ’s main steps are the following:
Problem analysis (based in part on TRIZ's systealyais)

Describe the problem in such a way that requiredtian is realized,
undesired effects are minimized and “everythinthensystem remains the same”.

This description of the problem is referred to IRIZ as the “mini-problem”

Identify the conflict (technical contradiction) ihe system in two ways: A. by
trying to eliminate the harmful effect the usefuhétion is lessened and B. by
trying to improve useful action, the harmful actiooreases. To clarify the
conflict definition intensify the conflict — makesgitive effects best possible, and
negative effects the worse it can be. Select thélicbdescription with which you

wish to continue the problem-solving process.

Determine and describe (in text and diagram)dperation zone” and the
“operation time”. The operation zone (and timejosnposed of zone (period)1 —

the zone of useful action, and zone (period) 2e—ztime of harmful action.

List all types of resources that reside in therapen zone and the operation

time.

Define Ideal Final Result (e.g. Thesourceswill eliminate thenegative effect
within operating zoneluring theoperation timg and derive from it the physical

contradiction on the macro level.
Try out different resources. The problem may beesbat this point.

Define the physical contradiction on the micro lgvehen resources are seen

as particles)

Apply S-field analysis and standard solutions @o#ution not found —

continue)

Apply one of the four general principles for overgng physical

contradictions: Separation in time, Separatiorpace, Separation between the
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system and its components, have both physicalstagxist in the same

substance
11. Use the technique of “smart little people”

12. “Step Back” from Ideal Final Result (IFR): if thegblem has not been solved
yet, it may be necessary to compromise IFR eitiieslightly deteriorating the

system or altering it somewhat, or disassembling it

13.  Apply scientific physical effects.

2.3.2. Osborn: Brain Storming
Brain StormingOsborn, 1959] is perhaps the most popular and wiotely used

creativity enhancement method. It is a group methatdivides the thinking process
into two main phases: idea generation, and idelatan. The strict rules of brain
storming prohibit any sort of evaluation within tidkea generation phase. In this stage,
‘crazy’ ideas are most welcome; producing as mdegs as possible is encouraged.
Brain storming is based on the premise that theggaaints will be inspired by their
colleagues’ ideas and that quality will arise dug@antity. Although in spirit the
emphasis on creative ideas is strong, in pradtieeetis no element in the method that
would direct the thinking process towards creaitias. The scope of the method is

general, any problem can be tackled.

2.3.3. Gordon: Synectics

Synecticgneans the joining together of different and appidyeinrelated elements.
According to Gordon, who developed Synectics [Gord®61], problem-solvers
often fail to discover a creative solution becatiseproblem may be either too
familiar or strange. Synectics uses analogies agtdphors as a means to turn the
familiar into strange and the strange into familynectics, like Brain Storming,
encourages suspension of judgment, and also valawyapparent irrelevancies’
during what is called thexcursionstage. In the excursion stage, different analogies
are used to view the problems from different ditetd and to direct the thoughts

toward a creative solution.

Four types of analogies are used within the framkwbSynecticsPersonal analogy

occurs when the individual imagines himself to e d¢bject with which he is
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working; Direct analogyis using facts, knowledge, or technology from doenain or
field in another (Gordon states that biology ie @f most fruitful areas to look for
ideas). The problem-solver is guided to selecbaechnalogy when the problem is

new and a remote one when the problem is knowmasticexplored.Symbolic
analogyuses objective and impersonal images to desdrdbegsential paradox of the
problem, as if inventing a title for it. This conegsed description is used as a gateway

to other problemd=antasyanalogyre-states the problem in terms of ideal wishes.

2.3.4. Allen: Morphological Analysis

Morphological analysis [Allen, 1962] is used maitdyinvent new products rather
than solve problems. Using this method, the invefitst constructs a list of the
properties of an existing product and the possbteof discrete values the property
can assume. For example, if the product is chtealae properties may be color
(values: black, brown, white); length (values: 6, 15, 20, 25 cm); and so on. In the
generative stage, the user systematically seathbespace of all combinations, or part

of it, if it is too large, to find promising ones.

2.4. Chapter Summary

This chapter presented 15 theories of creativithedries of creative design and 4
creativity enhancement methods. It is interestingdte that the summaries presented
in this chapter do not create the impression thetietis much disagreement among the
different theories despite the relatively large hemof theories and the different
terminology used by each researcher. The reasdahifosomewhat surprising
observation is twofold. First, the theories regamehtivity from different aspects and
abstraction levels. The discoveries of one thesasin to complement rather than
contradict those of another; Second, due to tHerdifit, mostly ad hoc, terminology
adopted by each investigator, similarities amom®ties are often hidden. Although
not always explicitly stated, the main questionstmesearchers try to answer are the

following:

What are the individual differences that are resgma for the variations in the

ability to produce a creative solution?

What are the unique processes involved in the Bdar@ creative solution ?
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Why is it difficult to find a creative solution ?
What are the properties of a creative solution ?

Guilford and Mednick deal directly with the firstgstion. Guilford suggests that
creative individuals excel in a distinct cognit@mpetence he calls divergent
thinking. Mednick's theory goes one step furtheggesting that creative people
posses a qualitatively different memory structaeamely a flatter association
hierarchy structure. The two theories are similamany respects: both emphasize
quantity (Guilford - fluency of responses; Medniakumber of associations) and
cognitive distance from current content (Guilforitexibility of responses; Mednick -

remote associations).

Regarding question two, most researchers surphysaigiost unanimously agree that
the novelty of a creative idea arises from a membinationof contents rather than
newcontents. The main differences among theories lise mechanisms suggested
for combining two formerly unrelated pieces of @nitAnalogycombines two
content domains through mapping the abstract cascdmne domain into another.
Drawing analogies is an a-symmetrical operatioaaah of the two domains involved
has a different role - one as a source analog aoither as a target analog. In contrast,
Bissociationis a symmetrical operation in which some of thietent from two
previously unrelated domains are part of the sotuitiself on a concrete, not just
abstract level. Hofstadter's conceptstippageand Schank’s concept witentional
misapplication of an explanation patteane both mechanisms for combining two

previously unrelated domains that can be vieweatriaate cases of bissociation.

Search-spaces a metaphor many researchers use as a bagisef@anting their ideas.
Through the search-space metaphor, question twbeaestated as follows: “What
are the control mechanisms leading creative indafslto districts not traversed by
others?”. Boden’s answer is that creative peopleatqust select different paths in
the search-space, they also construct new brathles search space that lead them
to districts unexplored by others. Hofstadter’s elaaf concept as knobbed machine
can also be viewed as a search space, in whichdettihgs play the role of the
search-space branches. Hofstadter suggests théfydey new knobs, in contrast to
just modifying their settings, is one of the maieative mechanisms. This idea is very

similar to Boden’s concept of expanding the seapate. Lenat’s answer to the
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revised question two is that creative individuads gpecial heuristics - rules of a

thumb not used by others.

Some of the theorists try to explain why it is idiffit to arrive at a creative idea, the
subject of question three. The unique position afeative idea in the search-space is
the answer supplied by Perkins, who specifies flifferent problems an explorer of a
search-space may encounter: ridugty problem, thevasisproblem, thesolation
problem, and thelateauproblem. de Bono’s answer to this question is éhateative
solution lies outside the mind’s established pateilhe Gestalt school introduced the
concept of a mind-set dixednesgo explain the impasse one might encounter on the
way to creative solutions. Functional fixednessgicample, can prevent an

individual from identifying new unusual uses for@ject which may be required for

solving a problem.

Three theories deal directly with the propertiethef creative solution itself (question

four). Altshuller claims that a creative soluti@solves aontradiction in the

problem situation. Watzlawick et al., introduce tomcept of second order change as
a characteristic feature of creative ideas. Hofstagtheory of/ariations on a theme

is the only theory to emphasize not only changesalso constraints characterizing a
creative product - the creative solution to a peabkhould lie within the framework

of the current theme or concept.

A few theories emphasize the role of failure atader for the creative process.
Seifert et al. used laboratory experiments to sthdydifferent stages. Their findings
point to the role of failure in the preparatioagd: “When an impasse has been
reached, it must be deemed such in order thatadacilitative memory traces of the
impasse get properly stored”. According to Schandative explanation starts with a

failure and ends with an explanation why the presiexplanations have failed.

In the course of presenting their theories, sorsearechers present a few interesting
rules of a thumithatcanbe usedo accelerate the search for creative solutionsee@'h
investigators recommend mechanismsevkrsal.Lenat suggested the following rule:
“If F is an interesting operation, then look atirtgersé. Schank states that “If a rule
applies in a given situation, try reversing itsoastand objects and see what happens”,
Perkins writes: “Try to combine something withiitgerse”. Boden uses the term

“negating a constraint” to actually mean reversingenat and Boden refer to
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dropping constraint. “Look carefully at what islyrivanted, maybe the problem can
be bypassed or perhaps it's over-specified” (Lef@ty dropping a constraint”
(Boden). Boden suggests a strategy for tweakingdstas: “Look for numerals in the

conceptual space and change their value”.

The following is a very selective set of recommeiaates for an individual seeking a
creative solution drawn from the different theofpessented in this section. These
recommendations were selected on the basis of nuaxirasemblance to this work’s

theory of creativity and will set the stage forgeeting it.

Set the problem solving goal agercoming a contradictioar second order
change but confine your search-spaceveiriations on a current theneather
than abandoning current theme and moving to anaothe). This may lead you
to a temporary state €dilure which is a good starting point for the creative
process. Draw on youtivergent thinkingability and skill, mainlyfluencyand
flexibility, to expand the search-spadge aware of the possibility that the
solution lies in ansolatedarea of the search space due to functional and
structuralfixednessUse heuristics such asversa) dropping constraints

function-sharing andchanging the value of a numeral
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SUFFICIENT CONDITIONS FOR
INVENTIVE DESIGNS

Chapter three

This chapter describes the results of a reseancbdaat characterizing creative
engineering solutions (design inventions) in teaha set of objective, testable, and
teachable features. The goal of such a charadiernza twofold: theoretically it will
serve as a (possibly partial) answer to the queswhat is there in an engineering
solution (in terms of its observable internal stowe) that make relevant experts judge
it as a creative one”; practically, a discoveryred common features of a possibly
large (and yet only a partial) set of creative aegring solutions can develop into a
computerized problem solving aid that will direlaé tengineer to those districts of the
search space where creative solutions are likelggmle. The identification and
formulation of these features were based on amsixte empirical study and on
theoretical considerations drawn mainly from Altéérutheory of creative problem
solving [Altshuller, 1985].

It is important to note that despite the effortsqctibed in the previous chapters) to
define and categorize creativity, it is still ansle and highly disputed term.
Therefore it is very important, before we begin pinesentation of this research, to
characterize the (limited) type of problems (arel¢brresponding limited type of
solutions) we investigate here, and also to exg@iocar interpretation of the term

“creative” as it is used in the context of thissdigation.

Problems arise at different stages of a produidéxiccle. It is generally accepted that
creativity is mostly required in the initial stagésrich, 88, Wiliams, 90, Gero, 89]
where the number of constraints is still relatiiely and many alternative design
concepts can be explored. But creativity is alsedied to solve problems that crop up
in more advanced stages such as detailed desmpeg® planning, production or
service where an engineering system already existsese stages conceptual

changes, though sometimes unavoidable, are geneatltiesirable. This research
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deals with such problems. Altshuller classifiesgbkitions to these problems as
“inventions within a paradigm” [Altshuller, 1985}yvhile Arciszewski calls them
‘improved solutions’ [Arciszewski, 1995]. ARIZ (TRIs problem solving algorithm)
makes a distinction between the “mini-problem” ihi@h one tries to solve a problem
while keeping to a minimum the modifications madéhe existing system, and the
“maxi-problem” in which large (often conceptual) difications are sought. The focus

of this dissertation is thus the mini-problem.

In Chapter 1 we have supplied a formal definitibthe term ‘creative’ as it applies to
engineering solutions that fall into the categdriimproved solutions’. We have also
justified our division of the set of possible dadns into creative and non-creative
rather than viewing them as residing on a contirareativity scale. We would like
now to illustrate informally our use of the ternréative” by examining a common
real-life situation. An engineer is facing a prablenanifested in the presence of
undesired effects associated with an exiting (latirely detailed designed) system.
The engineer would probably first retrieve from noeynsome straightforward
solutions (e.g. “brute force” solutions such as bad-carrying component collapses
— add material). If these solutions turn out notisgzctory, more mental effort would
probably be invested either individually by the ielegr, or by a team (often in the
format of brainstorming sessions). These effortald@dd more solutions to the pull
(commonly involving more drastic changes to thesiéxg system). Often these efforts
would lead to the conception of a satisfactory sofu In some occasions though, they
would turn out futile, and an acceptable solutiauld still be missing. Then,
commonly after some time of leaving the problend@gwhat is known in cognitive
psychology as ‘incubation’ time), someone may camevith an idea that evokes in
the others the question of “how didn’t | think bt before”. This idea may simple,
not requiring drastic changes to the existing sysded also not involving pieces of
expertise knowledge from outside the current domaliso, if the same problem is
presented to other engineers, only a small pergerdhthem (say less than 5%)
would produce this idea, while when it is revedl@them, the majority would deem it

creative. Ideas of this type are the focus of digsertation.

Initially the goal was to identify a set of featsir¢hat would form the basis for a

classification of solutions to engineering problgioisthe type described above) into
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creative solutions (design inventions) and nontereanes. Such a classification is
equivalent to a formulation afecessary and sufficienbnditions for creative
solutions. Eventually, a complete classificationesne was not identified. Instead, it
has been possible to characterize only a largéopd(but not all) of creative

solutions in terms of two simultaneous conditiofisese conditions were thus labeled
sufficient(and not necessary) conditions for design investid his means that
solutions that satisfy these conditions assuredo be deemed creative by relevant
experts (and also that only a small fraction ofieegrs would come up with such
solutions), but not exclusively: solutions thatrdu satisfy them may also be deemed

creative.

The chapter begins in Section 3.1 with a descmptibthe process of the development
of the conditions and their informal presentatiBection 3.2 presents a case study of
an engineering problem and demonstrates how thieisat conditions (in their yet
informal form) are applied to its solution; Secti®3 presents a formal definition of
the conditions; Section 3.4 brings more examplaaw@ntive solutions to further
illustrate the previously developed principles;tget3.5 elaborates on the rationale
underlying the sufficient conditions and their telaship with other theories of
creativity; Section 3.6 presents an extensive dogbistudy, aimed at demonstrating
the relation between the sufficient conditions arehtivity evaluation, the results of
which indicate close correspondence between aignlbeing classified as satisfying

the conditions and its independently being deemedltive by domain experts.

3.1. The development of the sufficient conditions for design inventions

The following process lead to the development efdhfficient conditions: first, an
existing theory, Altshuller’s criterion for desigmvention [Altshuller, 1985; Fey
1994], was selected as a starting point for theanet. Then the theory was
empirically investigated against observations af reorld design inventions, and
some discrepancies were found. An attempt to ing#Adishuller’'s theory lead to the
development of our theory of sufficient conditidos design inventions. Finally, the

new theory was verified empirically. In this seatie describe the process in detail.
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3.1.1. Altshuller's Theory

One of the few attempts to characterize designnitiees in terms of objective
necessary and/or sufficient conditions was camwigdoy Altshuller [Altshuller, 1985].
Altshuller conducted a comprehensive study of gddrody of data stored in patent
collections. His main finding was that a necessanydition for design inventions is
that they incorporate an ‘elimination of a confli€onflicts in engineering systems
arise between a system parameter that should reweghto meet the requirements,
and another system parameter which inadmissibbrideates as a result of the
improvements. Consider for example the conflidhi& design of an incandescent
light bulb: on the one hand a requirement for effit energy consumption dictates
high filament temperatures, while on the other hdifement temperature should be

kept low to ensure the bulb’s long life.

Routine engineering deals with a state of conflicbugh trade-off - a search for the
best compromise between the conflicting requiresddésigners of filaments, for
example, try to identify the filament temperaturattwould best reflect customers’
requirements. Elimination of a conflict means resw the conflict under the
condition that a compromise is unacceptable. Fefitament conflict, this would
mean improving both energy consumption and dutgbBiecause Altshuller’s
criterion of conflict elimination is one of vergw attempts for objectively
characterizing inventioAsn terms of their internal features (patent offickor
example, use an ‘external’ criterion based on #hation between the examined
solution and other known solutions), and becaupaved the way for the
development of the successful TRIZ method [Fey4]iSushkov 1995; Lirov, 1990]
for supporting creative design, we used the idéalmhination of conflict’ as a

starting point for our research.

3.1.2. Empirical Analysis of Altshuller's Theory

To investigate Altshuller’s notion of an ‘eliminati of conflict’ as a necessary

condition for design invention we prepared a lisaloout 200 creative and non

2 Another criterion based on the concept of logical distance was suggested by Arciszewski et

Al
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creative (at first according to our subjective dg&mals) engineering solutions for 50
problems (See Appendix B for a sample of 20 prokland their corresponding
solutions taken from the 50 we used) . Each salutias then tested against
Altshuller’s criterion. Our findings were that Aftisller's criterion suffers from two
major drawbacks: it is naetell defined and it is nosufficientfor design invention. In

the following paragraphs we elaborate on theserfgsd

3.1.2.1. Altshuller’s Criterion is not Well Defined

Elimination of a conflict means finding a way tgaeately satisfy two conflicting
requirements. The problem is that Altshuller doatssupply a definite criterion for
the satisfaction of a single requirement, and floeedt is not clear when a conflict
has been truly eliminated. Let us suppose, for ganthat a new filament material is
developed, that can operate over the same (orlemger) time period, at
substantially higher temperature. How much shauddtémperature increase for this
solution to qualify as a true elimination of thenfiwt? There is no definite answer to

this question within Altshuller’s criterion.

3.1.2.2. Altshuller’s Criterion is not Sufficient

Even among those cases, where it seemed (atidaisitviely) that a true elimination

of a conflict did take place, some apparently n@atve solutions were identified. A
thorough analysis of these solutions led to thatifleation of their common features:
all of these solutions (apparently non creativealgh satisfying Altshuller's

criterion) involved either the replacement of antemlogical concept or the addition of
new types of components to the original systemepgkesentative example of a
solution that incorporates an elimination of a éichfand yet is not creative is the use

of an electric engine as a solution to the probdérar induced pollution.

The conflict in this problem arises between congroé requiring an increase in the
number of cars, and the need to avoid pollutiomiirarg the restriction of their
number. Equipping cars with electric engines obsipeliminates this conflict
(particularly if the electric energy is manufactliie ‘clean’ ways). But the use of
electric engines is obviously not a creative soluin the context of this problem. It is
an obvious use of an alternate, well known, andchHg inferior power technology.

Of course many ingenious and apparently creatigeerring solutions were needed
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for the application of electric engines in carg, dgain, the application of the concept

in this context is certainly not creative.

3.1.3. Improvement of Altshuller’s Theory: the Sufficient Conditions for Design

Inventions

Through a modification and extension of the notban ‘elimination of a conflict’

we managed to eliminate its drawbacks. The priog was that instead of a necessary
condition, we arrived at set of two (jointly) suient conditions that characterize a
(large enough to be interesting) subset of desgentions. The following paragraphs

explains these ideas in detalil.

3.1.3.1. Solution for the ‘Not Well Defined’ Problem - Theditative Change (QC)

Condition

To look for ways to turn ‘elimination of conflicthto a well defined criterion we
turned to Suh’s Axiomatic Design Theory (ADT) tlohtaracterizes good design. ADT
views design as a process that translates a sat@fonal requirementéepresented
by the vector {FR}) into a set afesign parameter@epresented by the vector {DP})
through a design matrix (represented by [A]). imte of {FR}, {DP}, and [A], the
process of design can be stated as {FR} = [A] {D8Yh offers two axioms that
characterize good design. The first, theependence Axigrstates that in a good
design, the design matrix [A] should be diagonaisTneans that each functional
requirement is dependent on a different singlegihegarameter, and not related to

any other.

The interesting thing about thedependence Axiom that it is not formulated in
terms of the absolute values of either design patars or functional requirements.
Instead, it is formulated in terms of categorieg@ationsamong them, and
therefore it is qualitative in nature. RelationsAmen two (at least ordinal) variables,
as opposed to their absolute values, can be cateda priori independently of the
specific content that they represent into threegmies: direct relation, inverse
relation, or no relation. This lead us to the idéeeformulating Altshuller's criterion
as a qualitative change ofelation between two causally related parameters that
contribute to the undesired effect and intensig/phoblem. A qualitative change

means changing the category of the relation. Inrtb@ndescent light bulb for
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example, the filament temperature is currently isgdy related to the endurance of
the light bulb. The requirement for a qualitatiViange of relations, applied to this
problem, would require that in the solution, eitlibe flament temperature will not

be related to endurance of the filament’ or ‘iasiag the flament temperature will
result in longer life’. Note that if this requiremtds fulfilled the conflict between
efficiency and endurance is truly eliminated. A sfien may arise regarding the range
in which the qualitative change should hold. Theveer is simple: it should hold in
the range around the working point of the indepahdariable (i.e. temperature in
this case), even if it is an infinitesimally smalhge. In the filament problem, for
example, the new relation (reversed, or unrelagbdyld hold around 1500 degrees

Celsius.

3.1.3.2. Solution for the ‘Not Sufficient’ Problem - The &a World (CW)

Condition

The Qualitative Change condition suffers from tame insufficiency problem as the
‘elimination of a conflict’ condition. This probleimas been solved by the formulation
of a second condition, the ‘Closed World’ condititimat restricts the types of
modifications that can be carried out on a teabgiokl system. The Closed World
condition limits the modifications to those thatmat involve the addition of new
typesof components, except for components that residled system’s vicinity.
Applying the Closed World condition to the car pdilbn problem, for example,
excludes the idea to replace the internal combugingine with an electrical engine
as it's a newypeof objed. Initially the Closed World condition seems counte
intuitive: whereas creativity is supposedly abaaeing oneself from restrictions, here
restrictions are added. Furthermore, the CloseddMandition dictates a solution
that is conceptually similar to the current onejolihs again in contrast to the naive
view of creativity. The fact that the idea of efezengine as a solution for the
pollution problem does not satisfy the Closed Wadddition does not mean that it is
not a good solution, and in fact it certainly isiefe are two main problems, however,
with the electric engine that are common to mamgiosimilar solutions of alternative
technologies: the idea is known and therefore timepetitors use it too; there are risks
and drawbacks in the implementation of a new teldgy (e.g. an internal

combustion engine is currently by far more effitigran the electric engine). An
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inventive solution that satisfies the Closed Wadddition is expected to solve both
problems: competitors would probably not produgaritd, being based on well tested
technologies, it will not suffer from drawbacks areks associated with the use of a
new technology. The rationale that underlies tres€dl World condition will be
further elaborated in the coming sections. Theadasorld condition is described

formally, and in detalil, in section 4.

We conjectured that the two conditions - the Qatilie Change condition and the
Closed World condition - form a set of jointly afent conditions. In the following
sections thigonjecture is outlined in detail and defended through illastre

examples, theoretical considerations, and an ecapstudy.

3.2. The antenna: a case study of a creative solution

This section presents an illustrative example caemal problem, and some of its
possible creative and non creative solutions. Maengle is used for two purposes: as
a means for informally communicating the basic st underlie the sufficient

conditions, and for later reference, when the formspects of the theory are unfolded.

3.2.1. Description of the Problem and Possible Solutions

A company has won a bid to design and manufactanelale military antenna that is
to be handled and operated by a single soldier ahktenna system is composed of the
antenna itself and a mast that supports it in b pasition. The whole system is
intended to be left for a period of time in onegalauntil it should be transferred to
another. Once the design was completed, it turagthat when ice accumulated on
the antenna it became heavier, causing the masllapse (recall that no one is there
to remove the ice). The obvious solution, to sttieag the mast through increasing its
diameter, would result in a system that is too hidaxrone soldier to carry. In
summary, if the mast is strengthened it become$i¢awoy, if it is not strengthened the

antenna is bound to collapse.
'‘Conventional' Solutions

In one of our preliminary studies the antenna moblvas presented to a group of 50
experienced mechanical engineers. The most commsutgested solutions in the

group are presented below according to decreasiggéncy of response.
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1. Employ composite materials, thus making the mashger and lighter.
2.Heat the antenna preventing ice from forming on it.

3. Coat the antenna with a non-sticking material (sagfeflon) to prevent ice

formation.
4.Vibrate the mast so that the ice will shatter aait f
5.Change the structure of the antenna, so that it@etitend to accumulate on it.

6. Design a lighter antenna, so that the load of thieraa in addition to the ice will

not exceed the load that the mast is capable qfastipg.

7.Use a balloon instead of, or in addition to, thestta support at least some of the

additional load.
8. Cover the antenna with a plastic dome.

9. Add wheels to the system to help the soldier carfryot meeting the

specifications).
10. Divide the mast into parts, to enable the solth carry one part at a time.
A Creative Solution

The following solution was proposed by a singldipgrant of the group, which
makes it - by definition - an original solution.dar later study (see figure 3-8,
problem 2 solution 1) this solution received arerage score of 6.4 in a scale from

1(not creative) to 7(very creative), more than atier solution to this problem.

In this solution ice is made to accumulate not amythe antenna, but also on the
mast itself. Thus, the ice itself strengthens tlstmFormation of ice on the mast is
achieved by changing its surface structure, soitieawill tend to accumulate there.
Note that this solution has a further advantagesrwino ice is present, the mast need
not be strengthened at all. When the soldier asratehe antenna site (after the system
has been left there for weeks), he simply removesde, by knocking at it with a
hammer, before carrying the antenna and the mast.gWhis solution has been

tested using computer simulations, and refrigerasts on a scale model and it was

found that it can work, real life tests have nagrearried out.)
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ice \

ice

Figure 3-1. The inventive solution for the antepnablem. Ice forms both on the

antenna and the on mast, thus strengthening thieamdgshe system as a whole.
3.2.2. The Sufficient Conditions Applied to the Antenna Poblem

3.2.2.1. The Qualitative Change Condition

This problem consists of a system, the antennd-syatem, and two different
undesired effects associated with it. The firéhespossibility of the collapse of the
mast due to ice load (if the mast is not strenggdnThe second is the additional load
the soldier would have to carry (if the antennstiengthened simply by adding
structural material to the mast). Among others, telations characterize these
undesired effects: th@ossibility of collapseés related to thamount of ice on the
antennathe load on the soldigs related to thamount of structural material in the
mast Both relations qualitatively change fratirect relationto no relationin the
creative solution, where it is possible to increidwgeeffective cross-section of the
mast, through accumulation of ice, without chandhmgweight carried by the soldier
(the ice that forms on the mast will be removedbethe antenna is re-deployed).
Furthermore, when weather conditions become mgrefithe mast is carefully
designed, the strengthening effect of the ice actating on the mast will outdo the
burdening effect of the ice accumulating on thieana - the more ice, the less the

antenna is prone to collapse.

3.2.2.2. The Closed World Condition

The Closed World condition is expressed in thetoreaolution for the antenna
problem in the fact that the objects playing a mepte in the problem situation - the
antenna, the ice and the mast - remain, and noobg@et is added. The only change is
that ice, an object residing in the system’s vigiand the direct cause of the

problem, has a role in the solution - to strengtiirenmast.
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The only solution for the antenna problem appeanrtpe list, where both the
Qualitative Change and the Closed World conditwesge jointly satisfied was the
creative solution. The following solutions violatdet Closed World condition: in
solution 2 a heating system is added; in solutioa rBon-sticking material; in solution
4, a vibration mechanism; in solution 7, the balloo solution 8 a plastic dome and
in solution 9, the wheels. The following solutiaiid not incorporate a Qualitative
Change: solution 1, the use of composite matersdfjtion 5, changing the structure

of the antenna; solution 6, a lighter antenna,tswiul0, to divide the mast into parts.

3.3. Formal definition of the sufficient conditions

A formal, more precise definition of the two suif@nt conditions is presented in this

section. We begin with some definitions.

3.3.1. Basic Definitions

Object -an entity that is distinctive from its environméayta set of attributes (e.g.

material, form, function, shape, color etc.)

Engineering Systema-set of interacting physical objects that satsfpmmon

purpose.

System Objectsthe collection of théypesof objects comprising an engineering

system

Neighborhood (environment) Objectthe collection of théypesof objects which are
not an integral part of an engineering system éside in the system’s proximity or
have special affinity to that system (e.g. icehi@ &ntenna problem). (we don’t use the
termenvironmenbnly because it is now-days a reserved to refentaronmental

iIssues such as pollution global worming et.)

Problem World (PW)theunified set ofSystem ObjectndNeighboring Objectthat
exist in the problem state (before the solutioate®l modifications have been carried

out)

Solution World (SW}the modifiedunified set ofSystem ObjecndNeighboring
Objects that exist in the solution state (afterdbleition related modifications have

been carried out)
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3.3.2. The Qualitative Change (QC) condition

Any problem can be modeled as a set of undesifedie (UDES). Any UDE is
characterized by a set of related attributes thattate directly with the intensity of
that UDE. For example, in the problem of car padiatan undesired effect may be
defined as “people breath unhealthy air”, probletated attributes are, among others,
“number of cars per square mile”, “rate of emissbipoisonous gas” and “number of
people per square mile”. An increase in the vafugach of these attributes represents
an increase in the intensity of the above mentiamatesired effect (and hence
worsening of the situation in general). Any paimgrising a UDE and an attribute
that increases its intensity is callegpeoblem characteristicFor example, in our car
pollution problem the undesired effect “people thaahealthy air” and the attribute
“number of cars per square mile” constitute a pFobtharacteristic. Any solution in
which at least one problem characteristic changas &n increasing relation to either
a decreasing or a neutral relation is said to pa@te aqualitative change The
Qualitative Change condition is formally presente&xpression (1) in whichis
defined as a pair afndesired effeqUDE) and a relatedttribute; P is defined as the

set of all problem characteristics
(1) Crl rPproblem L r OPsotution

Expression (1) reads as follows: there exists éenpitoblem state a pair, r, which is a
problem characteristi@and that r is not anymorepaoblem characteristiin the
solution state. A UDE-attribute pair can ceasegoaproblem characteristic only if
the undesired effect becomes totally insensitiviia¢éovalue of the attribute (with
which it shared a problem characteristic) or if ittensity of the undesired effect
becomes a decreasing function of that attributay) eikample in the car pollution
problem the problem characteristic involving thelesired effect “people breath
unhealthy air” and the attributaumber of cars per square milegeases to be a
problem characteristic if the internal combustiogiee is replaced by an electric one.
Note that a solution such as catalytic convertavhich pollution remains
proportional to the number of cars, fails to brafput a corresponding qualitative

change.
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3.3.3. The Closed World (CW) condition

An engineering system’s Closed World is definethasset otypesof objects that
comprise the system as well as its neighboringabdj@he Closed World condition
states that the Closed World of the system in ¢hétion state should be identical to,
or entailed in, the Closed World of the systenmhim problem state. In other words, the
CW condition simply states that the solution shawdtlincorporate any objects of

new type. Expression (2) formally states the Closkxtid (CW) condition.
(2) SWIPW

Since the building blocks of CW condition aypesof objects and not the objects
themselves and also since the solution’s world megdhecessarily be identical to the
problem’s world (only entailed in it) the followingodifications are allowed under
the closed world condition: addition of new objeatshe same type as existing ones;
changing an object so long astigpedoes not change; changing the interrelations
(e.g. spatial or temporal) among objects; and lijmaimoving an object from the
system.  Applying the Closed World conditiorthie car pollution problem
constrains the solution to preserve the engine (gpecept) of ainternal combustion
engine An electric engine, for example, is a new typelgject, and thus violates the
CW condition. The car pollution problem exempliftag mechanism of the
conditions: the catalytic converter is excludedhms QC condition since it does not
bring about a change that is radical enough inielting the undesired effect, while
the electric engine changes the system’s strutbareadically, and hence excluded by

the CW condition.

3.3.4. Sufficient Conditions For Inventive Solutions

We conjecture that a solution to an engineeringplera (involving arexisting
engineering system that suffers from undesireccgftbat satisfies simultaneously the
Closed World condition and the Qualitative Changedition will necessarily be
deemed ‘inventive’ by relevant experts. The reghadf chapter is dedicated to
illustrating the application of the formal defimiti of the sufficient conditions to
engineering problems, and to convincing the reafiéheir validity. This is done in
three different ways: case studies from differemgieeering domains are presented;

the rationale behind the conditions, and theirti@tas with other theories of creativity
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and engineering design are discussed; and thégegun extensive empirical study

aimed at demonstrating the validity of the suffitieonditions are presented

3.4. Detailed examples

This section presents six engineering problemsrapenied by several ideas for
possible solutions. Each solution is analyzed im$eof the sufficient conditions. The
goal of this section is to demonstrate the us@@tbnditions as a testing procedure,
and to show that those ideas that satisfy the tondido indeed have the ‘feel and

flavor’ of creative ideas.

3.4.1. Solid Fuel Rocket Engine

One of the problems faced by designers of airtorgssiles was the variability of the
thrust supplied by solid-fuel rocket engines dufilight. The solid-fuel rocket engine
had the shape of a hollow cylinder. Combustion tolalce in the internal envelope
(see Figure 3-2). The problem with this geometmh& after ignition, as the solid fuel
material in the internal envelope is consumed aldéus of the cylindrical internal
space increases. This causes the internal combws®a to increase, which in turn
causes the overall thrust to increase. Non contamtt means inefficient energy

consumption.

side view Cross section

. ¥
combustion nozzle

pay load  solid fuel internal
envelope

Figure 3-2. Cross-section and side view of a roekegine

Sufficient Conditions Analysis

Problem World:

System Objects: solid fuel, the missile’s body,|pagt
Neighborhood Objects: atmospheric air, exhaustsg g

Problem Characteristic:
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UDE: uneven thrust — Related Attribute: diametéiedence between the beginning
and the end of the flight

Solutions not Complying with the Conditions

Solution 1L Changing the geometrical dimensions of the cgindo that it will
become longer and narrower. These changes mathtaiylinder’s total volume and
combustion area, but leads to smaller variancaaltiee smaller difference between

initial and final radius.

This solution satisfies the CW condition since eavrtype of object is. It does not,
however, satisfy the QC condition since “unevandt” is still directly related to
“diameter difference between the beginning ancetiek of the flight” (although to a

lower extent) .

Solution 2. Employing a concept known in the community of niésdesigners as
cigar burning The solid fuel has, again, a cylindrical shapevthout the hole. The
combustion area is the cylinder’s base. As thendgli becomes shorter with
combustion, the cylinder's cross section area mesm@onstant during flight, and so

does the combustion area, and thus, the thrust.

This solution does not satisfy the CW conditiorcsithe concept dtiel in solid state
that contains an oxidizer and burns in its internanvelopehas changed and
therefore it is considered a new type of objece Tmbustion ircigar burning
engines is not in the internal envelope. The sbarings ofcigar burningare that the
combustion area is small, and that the solid feelschot protect the structural
elements from overheating. Of course, one hag @nlbexpert in the field to identify
and define the concept of cigar burning. A noviaymot consider cigar burning a
different concept. This solution does satisfy th@ €ndition as the combustion area
is not related to the elapsed time anymore (thidate “diameter difference” simply

becomes irrelevant).
Inventive Solutions

Solution 3. The shape of the cross-section is such thatiittaias a constant
perimeter. The idea is that the cross-section gagroentinuously changes during
flight. When flight begins the cross section hdargeperimeter to average diameter

ratio due to its complex shape. Towards the erflighit the shape changes to an
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almost perfect circle, a form with the lowest pblesperimeter to average diameter
Thus, although the average radius increases, titagter remains constant (See
Figure 3-3).

This solution preserves the initial concept of #dve shape burning in the internal
envelope thus complying with the CW condition. ®iise variance in thrust is
constantly zero, independently of the differencevieen initial and final radius, the
solution satisfies the QC condition as well. Ndtatt at its time, this solution was a
breakthrough in solid fuel engines. In our worksho@ see students using the

sufficient conditions finding this solution quiteigkly.

complex shape
when flight begins

simple shape towards
the end of the flight

Figure 3-3. The new inner envelope changes fr@onaplex shape to a circle as

combustion progresses thus maintaining constaimhpesgr.

Solution 4: The chemical composition of the solid fuel chandaring flight. Those
parts of the fuel that burn at the beginning offtigdt (small radii) are more energetic
thus producing more thrust than the parts that btithe end of the flight (large radii).

In this way constant thrust is maintained.

This solution satisfies the CW condition, as theagpt of internal envelope
combustion remains the same (Note that changintygeeof material from which an
object is made is allowed under the CW so londghasbject can be considered of the
same type, this is not similar to changing an eaffiom an internal combustion
engine to an electric engine because althoughnb®bjects fill the same role in the
system — producing power — they do it based onadlyalifferent concept). It satisfies
the QC condition since thrust remains constaninduitight. Note that this solution
satisfies only the second component of the QC ¢mmdithat requiring qualitative
change in the relation between thrust and elapsed tt does not satisfy the first

component requiring a change in the relation betvesenbustion area and elapsed

57



CHAPTER 3: SUFFICIENT CONDITIONS

time. According to the definition of the QC conditiit is enough to qualitatively

change at least one component of the problem dieaistcc.

3.4.2. The Dangerous Spark

A fuel tank is provided with a device that indicathat the fuel level has reached its
maximum permitted value (Figure 3-4). The deviceasmposed of a conductive
contact mounted on a float, connected with one tair@ battery. When the float
reaches the top of the tank, an electric circuitased and an on-line indicator is
activated. But, when fuel level increases and tact approaches the tank, a spark
erupts which could possibly cause the fuel vapmesxplode. This problem appears in
[Sushkov, 1995], but is there treated differently.

coptact

Figure 3-4. Fuel tank and measuring system

Sufficient Conditions Analysis

Problem World:

System Objects: The Signal, electric current, floattery, container
Neighborhood Objects: fuel, spark

Problem Characteristic:

UDE: a spark erupts in the fuel tank — Relatedildute: battery voltage
Solutions not Complying with the Conditions

Solution 1 To replace the electric current by a sound/miagfield as a means of

transmitting the signal from within the container.

Since this solution replaces the concept of atectrrrent with that of sound or
magnetic waves, it does not comply with the CWdithon. It does satisfy the QC
condition, however, since the battery voltage ce&sde a factor of the problem

(there is no battery).
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Solution 2.Lower the battery voltage and use more sensitivgeent to detect the
signal. This solution does not comply with the Qi dition since the problem
characteristic still holds - increasing the battevitage results in an increase in spark

intensity.
An Inventive Solution

Solution 3. To make the contact from piezo-resistive matevéten not pressed, the
material will behave as a complete non-conductiagenial. Only when the contact is

pressed against the container walls, will it siaitonduct electric current.

This solution satisfies the CW condition since eavriype of object has been added.
It is true that the contact is made from a diffémmaterial (that has new features) but
- and that is what counts — it functions aatactin the very same way as before (a
piece of conducting box-shaped material). Thisitemh satisfies the QC condition as
spark intensity is now not related to buttery vgétaBefore the contact is pressed
against the container walls, an increase in cufternbugh increasing voltage) will not
result in increased spark intensity, since a nacgs®ndition for the emergence of a
spark is that both surfaces be made of conducteigmals. After the contact is
pressed against the walls there would also be adk §s a necessary condition for a

spark is the existence of a gap between the coamacthe container walls.

3.4.3. The Flexible Rubber Pipe

A very flexible rubber pipe has to be cut accusat€he cut must be across a straight
line that is perpendicular to the surface of tHgber pipe. The current technology is to
cut the pipe with a very sharp knife. The problerthiat since the knife distorts the
pipe before it starts penetrating it, the cut asas accurate as required (See Figure 3-
5).

desired cut existing cut

SR RGN

Figure 3-5. Existing and required cuts
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Sufficient Conditions Analysis
Problem World:

System Objects: rubber pipe, knife
Neighborhood Objects: none
Problem Characteristic:

UDE: the cut is not accurate — Related Attribuipegdlexibility

Solutions not Complying with the Conditions

Solution 1 Use a hot wire to cut the rubber. The advantdgehot wire is that
penetration achieved through melting the matetialieates the need for mechanical
force that distorts the rubber pipe. This solutioes not satisfy, however, the CW
condition since the concept that underlies thérgutool has changed. Melting is
used instead of mechanical force. The QC condii@atisfied since when melting is

used the inaccuracy is not related to the flexipdi the rubber.

Solution 2.Use a laser beam to cut the pipe. As in the fosokirtion, the CW
condition is not satisfied, while the QC conditisnThe arguments, too, are very
similar. This is a good example for a solution tth@es not satisfy the conditions and
is nevertheless considered by many to be inveniike.reason is that the use of laser

technology (regardless of specific applicationjeserally viewed as creative.

Solution 3.Use a sharper, better knife to cut the rubbers Shlution does satisfy the
CW condition since the new knife obviously operaesording to the same concept
as the old one, however, the relation betweenklkixi of pipe and the inaccuracy of
cut has not qualitatively changed. Increasing kalfility of the pipe would still

result in increased inaccuracy. Thus, the solulimes not satisfy the QC condition.
An inventive solution

Solution 4. Before the cut is made the pipe is stretched tinat cutting zone
becomes a very thin string, so that a delicatehtauith the knife suffices to cut it.

The cut will be very accurate because the lingb®tut follow the lines of minimum
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energy. (Note: this solution is used very succdigstuthe factory of Kibuts Givat

Brener.)

This solution complies with the CW condition, as ttoncept remains that of a simple
knife, and no new object has been added (streteéhiaghieved through existing
objects that were also used before). This solulea satisfies the QC condition since
the more flexible the material, and the more it barstretched, the more accurate the
cut (this solution is used in practice). The relatbetween the inaccuracy of the cut

and the flexibility of the pipe has been invertedhis case.

3.4.4. The Temperature Regulator Problem

A new device for temperature regulation was suggesthe thermostat would be
composed of two materials that change color atd#stred maximum and minimum
temperatures. A special detector would sense tloe change and start/stop the
heating process at the appropriate time. In dalselect the right materials, a
chemical laboratory was asked to determine theggeéemperature at which each

material changes its color.

The lab developed a measuring process in whicmtterial is gradually heated,
while its temperature is continuously monitoredhéi the color changes, the
temperature is noted by a simple thermometer, recmded. When this process was
first tried, a problem emerged. Due to the thermtengetime lag, the measurement
was not accurate enough. The measured temperatisractually lower than the

required one.

Sufficient Conditions Analysis

Problem World:

System Objects: tested material, thermometer, heate
Neighborhood Objects: all laboratory equipment
Problem Characteristic:

UDE: the measurement is inaccurate — RelatedbAtiei heating rate
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Solutions not Complying with the Conditions

Solution 1 Decrease the heating rate of the material, redutie thermometer’s time
lag. This solution satisfies the CW condition asew types of objects have been
added and no concept changed. However, it obvialedg not satisfy the QC
condition since the relation between heating ratethe inaccuracy associated with

the thermometer lag has not been qualitatively gbdn

Solution 2.To heat in steps, allowing the temperature to ktabeach time, thus
performing the measurement in static conditionss idea does not satisfy the CW
condition since this process requires the intradaadf a new control system. The
solution also does not satisfy the QC conditioeimcreasing heat rate would still

result in reduced accuracy.

Solution 3.To use a measuring device based on a differenhédatpy, such as infra-
red radiation. This solution does not satisfy thW¢ Condition, since it eliminates the
concept of the simple thermometer using a matthalexpands when heated. It also
does not satisfy the QC condition, since any teatpee measuring device would still

suffer from heat-rate related time and the assedietaccuracy..
An Inventive Solution

Solution 4. Change the temperature in space rather thame tireating a totally
static measurement of the temperature at the pbicblor change (see Figure 3-6).
The idea is implemented by spreading the color oretal bar and heating to a

constant temperature at one end, and a constantal the other end.

This solution satisfies the CW condition since shaple thermometer is still used
(two heaters are needed but multiplication is adldyv It satisfies the QC condition as
well, since the heating rate is totally irrelevemthe accuracy. As soon as the system
reaches a stable state, the measurement can benpetifusing a standard

thermometer .
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thermometer

point of color E
change E

T~

this point is heated to a this point is heated to a
constant temperature T1 constant temperature T2

Figure 3-6. The solution to the color change pnobldemperature is changed in

space rather then in time

3.4.5. The Tumor Problem

This problem, originally suggested by Duncker [Dkerg 1945], was taken from
[Weisberg, 1993], where it is mentioned as a probiequently used by cognitive

psychologists in their studies of creativity.

Suppose you are a doctor faced with a patienthvasoa malignant, inoperable tumor
in his stomach. Unless the tumor is destroyed #tieipt will die. By directing

radiation at the tumor at a sufficiently high ingé, the tumor can be destroyed.
Unfortunately, at this intensity, the healthy tisghat the rays pass through on the way
to the tumor will also be destroyed. At lower irgéies, the rays are harmless to the

healthy tissue but they will not affect the tumor.

Sufficient Conditions Analysis

Problem World:

System Objects: ray

Neighborhood Objects: tumor, healthy tissues

Problem Characteristic:

UDE: healthy tissues are damaged - Related Atgilnaty intensity
An Inventive Solution

This is a good example of a situation in which imaihbut a creative solution can
actually solve the problem. The solution is to dirgeveral weak beams at the tumor
from different angles, so that they converge attineor and develop sufficient
intensity there to destroy it (see figure 3-7)clEeay by itself does not pass the

threshold value of intensity that can damage hgaiklsues.
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This solution satisfies the CW condition, sinceneav type of element has been added
(the division of the ray into weaker rays is petedtbecause each weak ray operates
according to the same concept). The QC conditizatisfied since the amount of
damaged healthy tissignow not related to the ray intensity at the tunRay

intensity can be increased at the tumor by addiagerweak rays without affecting
healthy tissues through which these rays pass.

patient's
body

Figure 3-7. Many weak rays are directed at the tunoon different angles.

3.4.6. The Key Distribution Problem

We present the following problem to demonstra the principles that underlie the
sufficient conditions are applicable also to noggital problem domains, in this case
cryptography. It is an accepted assumption intoggaphy that one cannot keep
secrets for too long. Thus, the security of a systeincreased by changing the
cryptographic key from time to time. The probleningv to communicate the new
key. Using the same channel would of course belémgerous, in the event that the

current key has been broken.

Sufficient Conditions Analysis

Problem World:

System Objects: key, message, sender, reciever
Neighborhood Objects: enemy

Problem Characteristic:

UDE: The key can be broken by the enemy - RelAt&ibute: the chances the key

being intercepted

Note: To satisfy the QC condition the solution t@abe such that even if the enemy

gets hold of the key, it does not change its proibabf decrypting the messages.
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Solutions not Complying with the Conditions
To use a human messenger, not satisfying the C\itoam

To prepare a set of keys in advance, also notfgatisthe CW condition since the

initial concept was that the key would be commuteidavhen needed.
An inventive solution - the public kejDiffie, 1976

An asymmetric cryptographic system is used. Ong(E¢ys used for encryption,

while another key (D) is used for decryption. Thstem is designed so that finding D
from E is computationally infeasible (e.g. requirib0*® instructions). When A wants
to receive messages from B he sends him just Eghrthe existing channels. B uses
E to encrypt his messages and A uses D to dedrgpt.tWhen it is time to change the
key, A creates a new E/D pair and sends E to Bnlifwhe enemy intercepts E they

cannot decrypt the messages and it does not haip tihn break the code.

The CW condition has been clearly fulfilled, siribe key is transmitted over the
existing communication line, and no new elementleen introduced into the system
(the new key is a new element of the same typkeaasxisting one). The QC condition
Is satisfied, since knowing E has nothing to ddwlite security of the

communication.

3.5. Therationale behind the sufficient conditions

In previous sections the theory of the sufficiemnditions has been presented and
demonstrated by presenting several case studidssisection we investigate the
rationale behind them. We show, by resorting t@otheories of creativity and
engineering design, that the sufficient conditiaresin line with other criteria and
conditions for originality and usefulness of a $ioln to an engineering problem. As
mentioned in chapter 1 the combination of usefidra®l originality is considered by
most of creativity researchers as a necessaryufident condition for a creative
solution. This section is divided into two sub-g&ts: the first ties the theory of the
sufficient conditions to theories of originalitynéthe second to theories of good

design.
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3.5.1. The Relation Between The Conditions and The Origingy of the Solution

3.5.1.1. Functional Fixedness

Functional Fixedness, which was described by DenffRuncker, 1945], has since
been subject to intensive research in cognitivelpsypgy. Functional Fixedness is a
state in which the problem solver cannot concefugses for an object apart from its
normal use. Ulrich [Ulrich, 1988] mentions Functi®haring, a design process in
which an object already carrying out one funct®assigned another one, as one of
the processes that constitute inventive designi®igtentify new functions to be
assigned to an object one has to over-come furaitforedness, and few do. The CW
condition, by not allowing the introduction of n@lvjects into a system, forces the
problem solver to achieve the new functionalitydexkfor a solution using existing
objects only. The problem solver is thus forceddarch for a solution in areas that
others would probably overlook due to functionaefiness. Thus solutions that

comply with the CW condition, being rarely attainade by definition original.

3.5.1.2. Variations on a Theme

The Closed Worldcondition restricts the problem solver to variaimn existing
concepts rather than replacement or the additiorewf, formerly non-existent
elements. A support for the need for such a réstgenechanism is supplied by
Hofstadter in his article "driations on a theme as the crux of creativjtyofstadter,
1985]. Hofstadter suggests that creative ideasrgiyarise from variations on
existing and known concepts. Concepts are metagilyrviewed as machines with
knobs. Variations are produced by playing withkhebs, or by identifying new
knobs. Hofstadter writes about this idea: “On theefof it, this thesis is crazy. Aren’t
variations simply derivative notions, never trutyginal creations?” (page 233).
Through many illustrative examples Hofstadter congs the reader that it is indeed
variations on a concept, rather than ‘magic le#ipet constitute a creative act. The
CW condition restricts the problem solver to vao@as$ on existing concepts and
objects, thus compelling him/her to look for a o, where creative ideas are

expected to be hit upon.
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3.5.2. The Relation Between the Conditions and the Usefudiss of the Solution

3.5.2.1. Modifications Result in Increased Expenses

The Closed World condition restricts the possilol@tsons to those that do involve
new types of objects. Such solutions are on avezagected to be more cost effective
than those that require new types of objects orteetynology (on condition that they
indeed solve the problem). Cost effectivenesshseaed as a result of, among others,
the following factors: radically modifying an ekiigy system requires investments in
production lines, maintenance procedures etc; ¢éhavwor of a radically modified
system is sometimes unpredictable; the market ejagtra product that seems too
innovative (customers would not like to be a eadgppters of a new technology).
follwoing Returning to our example, the problentaf pollution can be solved by
replacing the internal combustion design with attic engine. But the result will be
an inferior system in almost any respect but tHeipon problem (car manufacturers
will have to invest in totally new production linegew filling stations will have to be
built; cars will be slower etc.). Applying the CesWorld condition to the pollution
problem would restrict possible solutions to thtis# still use internal combustion

technology.

3.5.2.2. Num Suh’s Independence Axiom and Taguchi’'s RobesgD Principles

Suh’s theory offers a set of axioms that charamergood design. The resemblance
between the first, the Independence Axiom and tBec@ndition was illustrated in
section 2. Taguchi’'Robust Desigmapproach [Byrne, 1986] states that good designs
are insensitive to variations and changes in tbdymtion process or in the
operational conditions. Satisfying the QC conditi®m line with increasing the
robustness of the design. By satisfying the QC ttimmdat least one parameter - one
that previously contributed to the undesired effdcomes totally irrelevant. As a

result many related tolerances that had to betigifitcan be loosened.

3.5.3. Failing to find a solution that satisfies the coniions

Looking for a solution that satisfies the condis@hould only be the first step in
finding a solution. When a problem solver faildita solutions that satisfy the
conditions this may indicate that current conceypésno longer useful and new

concepts should be sought. The conditions thuveanewed both as a tool to aid
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finding opportunities within existing concepts, dodsignaling the need for more

profound changes at the conceptual level.

3.5.4. Summary

This section showed that a solution that satishesconditions can be expected to be
both good and original. The solution is expectebdariginal as it lies in the search
space in areas that, due to functional fixednessnat explored by the common
problem solver and because the solution cannotbergted by routine processes
such as optimization. It is expected to be gootthagramework of the sufficient
conditions is in line with criteria for good desigauch as Suh’s Independence Axiom
and Taguchi’s robust design principles, and becthessolution lies on proven

grounds of current technological concepts.

3.6. Empirical demonstration of the relation between the sufficient
conditions and creativity evaluation

The purpose of the empirical study was to answefdhowing question:

Do domain experts classify solutions that jointyisfy theClosed World

conditionand theQualitative Changeonditionas creative solutions?
For the purpose of this study the following defonils were used:

Domain experts Engineers from any engineering domain (the setect
problems did not contain any specialized knowleitige the

average engineer is not expected to know.)

Solutions that jointly Solutions that are classified as such by indivisitizat were
satisfy the conditions trained to apply the criteria of the sufficient ddrons to the

evaluation of solutions.
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Creative solutions Solutions that get a high average score onla fcen 1 (not
creative) to 7 (very creative), relative to othelusons, for
the same problem. The rating is done by at leasin@ain

experts.

To answer the above question a set of 20 problewhsheeir corresponding solutions
was used. The solutions were generated in a pitepastudy in which experienced
engineers (who did not have any knowledge of thalitmns) were asked to suggest
creative solutions to these problems. See AppeBdor a detailed presentation of the
20 problems and the corresponding solutions. Allitsins to every problem were
evaluated twice in two different studies. First {)neach solution was rated for its
average score on the creativity scale. Then (@a2h solution was checked for its
compliance with the sufficient conditions. The gri&ted results of these two studies
can determine whether domain experts classify imoisithat jointly satisfy the

sufficient conditionss creative.

We used the same set of 20 engineering problemthaiccorresponding solutions in
both studies. The problems were a randomly selesapeple from a pretested
collection of 50 technological problems, for eathvbich a solution that satisfies the

conditions is known to exist.

The problems originate from different domains sashmechanical engineering,
electrical engineering and civil engineering, eyt were simple enough for any
engineer to understand and deal with. The problgere taken from different sources
such as patent literature, the industry, and thieoasi own experience. We assume
that the set of 50 problems is representative@kthd of problems that commonly
crop up in engineering. Each set of solutionsuded at least one solution that
satisfied the conditions as well as other solutitwas are commonly offered by
engineers (the solutions had been collected in nounsecreative problem solving

workshops conducted by the authdts).

69



CHAPTER 3: SUFFICIENT CONDITIONS

3.6.1. The Creativity Study

As stated above the purpose of this study wasdpgre a set of data on the average
score of each solution, for each of the 20 probJema creativity scale from 1(not

creative) to 7(very creative).

Method:Each subject was presented with a descriptionrdff@ne technological
problem, selected randomly from the set of 20 molsl, and a description of its
possible solutions. The different solutions werespnted to the subjects in random
order. The subjects were asked to rate each solfdrats degree of creativity
(according to his or her own standards) on thestafe. Each set of solutions for a

problem was rated by an average number of nearbubf®cts.

SubjectsSubjects were experienced electrical (40 %) aadhanical (60%)
engineers from various industrial firms. A totall&6 engineers, 176 men and 20
women, participated in the study. Subjects’ ageeddbetween 27 to 45 (median 34).
Their work experience ranged from 4 to 20 yeargs€lsubjects were, of course, not

exposed to the theory of the sufficient conditions.

3.6.2. The Conditions Study

The purpose of this study was to prepare a sedtaf @h the classification of each

solution for each of the 20 problems as satisfgingot satisfying the conditions.

Method: The study was divided intoteaining and an evaluation stage. In the training
stage each subject was handed a 20-page bookéeitiieg the test procedure for the
sufficient conditions, and was asked to learn pina&edure. In the evaluation stage
each subject was presented with the set of 20graband their corresponding
solutions. The subjects were asked to check edahmofor its compliance with the
CW condition and th€C condition. A solution would be considersatisfying the

conditionsif a majority of the subjects considered it toda¢isfying the conditions.

Subjects: Subjects were 3 engineers selected randomly a2@ students who study
for higher degrees at Tel-Aviv University. Two dem study Industrial Engineering
and one studies Physics. They were males in theaage of 25-29 years. Note that
selecting 3 subjects for this experiment is notgfesd to extract statistical properties
of any random distribution, but simply to enabless checking of the subject’s

evaluation. In principle the process of evaluatirgplution for its satisfaction of the
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conditions is a deterministic process, althoughesamargin for error should be

allowed.

3.6.3. Integrating the Results of the Two Studies

Given the results of the two studies, the finagjsteould be worked out by
integrating the two sets of data. One set of dakach is the outcome of the creativity
study) consists of average creativity scores fohealution. The second set of data
(which is the outcome of the conditions study) ¢stissof the tags ‘satisfying the

conditions’ or ‘not satisfying the conditions’ feach solution.

Figure 3-8 presents the integration of the resaflthe two studies. The bar graphs
numbered 1 to 20 represent the different probleash bar representing - by its
length - the creativity score (1-7) of one soluti®he color of the bars represents the
classification of the solution in the conditionad. A black bar marks a solution that
was agreed to satisfy the conditions both by thkeas and the subjects. Gray bars
signify solutions classified by the subjects in toaditions study, although not by the
authors, as satisfying the conditions. It is inéérey to note that there were no
solutions that were classified by the authors,naatby the subjects, as satisfying the
conditions. The solutions are ordered in a desognalider of creativity evaluation
scores for ease of reading (although the soluticare presented to the subjects in

random order). See Appendix B for a detailed repbthe results of the experiment.
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Figure 3-8. Integration of the results of the dreyt study and the conditions study.
Each bar graph represent a different problem;ghgth of each bar represents
creativity scores in the creativity study (1-7).eT¢olor of the bars represents the

classification of the solution in the conditionadst (see appendix B for a detailed

description of the problems, solutions and scofékis test).

3.6.4. Analysis of the results

Three different methods were used to analyze themtasented in Figure 3-8: direct
observation of the data, computation of the poiséiial correlation coefficient, and
analysis of mean differences by using a t-test.@urpose of the correlation test and
the t-test was to express in quantitative termsetaion between the evaluation of

creativity and the existence of the sufficient atinds for design inventions.

The t-test and the correlation test were not intend directly support the sufficiency
hypothesisThe main goal of these tests is to show that keagdor conditions
satisfying designs igractically a good strategy for finding creative designs. As
demonstrated by the results of these tests, thecéegb creative value of a conditions-

satisfying solution is higher than that of onet tth@es not satisfy them.
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3.6.4.1. Direct Observation

Scanning Figure 3-8 reveals that in all cases (@xfoe Problem 15) a solution that
satisfies the conditions received the best cragtbgore. In all problems except for
problems 6, 8, 13 and 19, the solutions that gatief conditions scored higher than 4.
In problems 6 , 8 and 13, however, those low rat#dtions were not classified as
satisfying the conditions by the authors. The tssofl Problem 19 and Problem 15 are

thus left to be explained

Problem 19No. 19 is the solid fuel problem that appeare&xample 1 in the
examples section. The first two bars of graph Iffespond to the two inventive
solutions described in the examples section. Algfnathe two solutions satisfy the
conditions, Solution 3 is tighter in conserving teehnological concepts than
Solution 4. Solution 4 does not conserve the ptypdrhomogeneous fuel material. It
is probably the difference in conserving the cotggat accounts for the differences

in creativity scoring among the solutions thatsgtithe conditions.

Although subjects were not instructed to assigatority scores in a relative manner,
it is plausible that they did, at least partlygreto the whole list when evaluating a
single solution. One explanation for the low scaresolutions 2 and 3 is that the first
solution was viewed by the subjects as exceptiprddigant and efficient, and

comparing other solutions to the first, made themenestimate the others.

Problem 15 This problem concerned the dynamic sealing of tnoving bodies. The
highest rated solution for this problem (scoring)snvolved the use of a magnetic
liquid (a solution which does not satisfy 68V condition). Magnetic liquid is a very
interesting phenomenon, but itsefor dynamic sealing is a conventional idea. Since
the subjects were not experts in the field of sgalihey probably admired the

invention of the magnetic liquid itself regardlegshe specific problem.

The results of the conditions study were in acaaitt the authors’ classification of
the solutions in more than 90% of the cases.ilttegesting to note that in most cases
even when the results of the conditions study desstywith the authors’
classification, the particular solution - classifigy the subjects but not by the authors
as satisfying the conditions - scored relativetyhhin the creativity study. This

demonstrates the fact that the sufficient condstiare not overly sensitive to
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interpretation errors. The results further demaitstthat the theory of the sufficient

conditions is teachable.

3.6.4.2. Point-Biserial Correlation Coefficient

A point-biserial correlation between the dichotomicnmy variable: 0 (= not
satisfying the conditions), and 1 (= satisfyingntheand creativity scores was
computed. A value of 0.7 was obtained. The mepafrihis value is that 49% of the
variance in creativity scores can be explained bgther a solution satisfies or does
not satisfy the conditions. This is considered iy \sgh score in this type of
experiment (involving human judgment). It meang thigh just these two values (of
one variable) a very high portion of the variailg cleared. Figure 3-9 presents a

graph showing creativity scores in relation to ¢baeditions.

Creativity scores

7

O P N W b~ OO
I I I I I I
t t t t t t

*

not sdtisfying satisfying

Figure 3-9. Creativity scores in relation to theditions

3.6.4.3. t-Test

The purpose of the t-test was to show that theageecreativity scores of the two sets
of solutions are significantly different. In oth&ords, to prove that the two groups
represent two different populations. The resulttheftest showed that the null
hypothesis (that the two means are the same) cegjdmted with a very high
confidence level:a < 0.0001. Hence, the mean creativity scoreshi@isblutions that
satisfy the conditions differs significantly froimet mean creativity scores of the

solutions that do not satisfy the conditions.

3.7. Summary of Chapter 3

This chapter presented two jointly sufficient cdiudis, theClosed Worldcondition

and theQualitative Changeondition, for creative engineering solutions. The
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conditions were generated empirically through aermsive survey of many creative
and non-creative engineering solutions and juxtagabeir features with Altshuller
notion of ‘overcoming contradictionas a necessary and sufficient condition for
creative solutions. The result of the study shothed the notion of overcoming
contradictions suffers from two main flaws: it istrsufficient, and its test procedure
is not well defined. These flaws were amelioratéith the introduction of our two
conditions at the price of giving up the necessitthe conditions. Although the
conditions are only sufficient and not necessaryaforeative engineering solution it is
claimed that a large and important sub-set of cre@&ngineering solution are
characterized by satisfying these conditions. Tdis was demonstrated by the

presenting examples from diverse engineering dasnain

An engineering solution satisfying the conditionanifiests a delicate balance in its
distance (in terms of the amount of modificatioresden on the structure of the
engineering system) from the problem situation. CThesed World condition dictates
a minimum number of modifications whereas the Qatalie Change condition
requires that the solution exhibit a qualitativeifferent behavior which naturally
calls for large structural modifications. The cdiafis determine the boundaries of a
narrow gap in the solution space, overlooked bytmposblem solvers, in which
(almost) the same structure exhibits a qualitagiaggferent behavior. The validity of
the conditions was demonstrated through an extersmpirical study in which 200
engineers (unfamiliar with the theory of the coiugtis) rated solutions to 20 different
engineering problems on the basis of their creatieet. The results showed very
good fit to the results predicted by the theoryhaf sufficient conditions - solutions

satisfying the conditioned received high scores.

Although the sufficient conditions in their own higcan be used to support the search
for creative solutions - at least by limiting threasch space to those areas were
creative solutions are more likely to be discoveradtructured step by step method
is still needed. The next chapter presents suchthod, whose main components are
a set of modification processes (called idea prongptechniques) characterized by the
fact that they do not violate the closed world dbad. Another important issue that

will be dealt with in chapter 5 is the cognitiveopesses involved in the process of
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finding a creative solution that satisfies the dbads and their relation to what is

known about the creative process in psychology.
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THE SIT METHOD FOR CREATIVE
DESIGN

Chapter four

This chapter describes SIT (Structured InventiveKihg), a structured method
designed to aid engineers to solve problems cedgti$olutions arrived at by using
SIT are characterized by the fact that they satisffClosed World CW) condition
and theQualitative Chang€QC ) condition presented in the previous chaptbere

it was shown that only (but not necessarily al@ative solutions satisfy them. SIT is
applicable to problems occurring in an existingieagring system suffering from
known undesired effects. The method is thus matdlde for re-engineering
problems, or to development projects in which nodshe engineering systems’

configuration has been determined.

Section 4.1 outlines the main elements of the ntetimal the rational behind them.;
Section 4.2 formally presents the method usingegigpsyntax while in Section 4.3,
examples for the application of the method elu@dhé concepts presented in
previous sections; Section 4.4 presents an expetahstudy that demonstrates SIT
effectiveness in enhancing the creative competeheagineers; Section 4.5 positions

SIT in the field of existing methods. Section ddhcludes this chapter.

4.1. The underlying principles of the SIT method

SIT was derived by analyzing a large number oftsmis that satisfy the CW and QC
conditions. For each solution we have examinedrtam modifications made to the
engineering system in the transition from the peobworld to the solution-world.
We have observed that these modifications fall fivi®@ main operatordJnification,
Multiplication, Division, Breaking Symmetrgnd Object RemovalMVe have reversed-
engineered these archetypes and compiled eackrofitito a set of guidelines that
direct the problem solver step-by-step in modifyimg or her system according the

one of the five archetypes. We call these setsinfegines: “idea provoking
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operators”. The idea behind SIT is simple: the [obsolver should systematically
try to modify the existing system using each offitie idea provoking operators until
he or she hits upon a modified system that reptesesolution satisfying the
conditions. This section describes the thinkirghibd the method . The next section

(Section 4.2) presents a detailed and formal detsani of the method.

As mentioned above the SIT method comprises fiea grovoking operators (which
will be explained below). In order to apply the ogders the problem solver must
prepare a problem formulation that includes thea@@ CW conditions. Two main
stages thus make up the SIT metha@paration: problem formulation and analysis
andsolution: problem solving. The preparation stage compriseethub-stages: A.
The problem’s closed world is defined by identityithe types of objects that form
the given engineering system and those residiiitg imeighborhood B. To have a
better understanding of the rational underlyingsys&tem’s design, the problem solver
is guided to construct a hierarchiéahctional modebf the system (explained below).
The functional model is required only when using @bject Removal technique
(when an object is removed from the system its i@ to determine its exact
function in the system) and is otherwise optio@alThe problem is analyzed to

determine the required qualitative change .

SIT's solution stage comprises the aforementidived idea-provoking operators.
The five operators are divided into two groups pém@tors: those resulting in an
extension of the functionality of the system (Ucatiion, Multiplication), and those
resulting in a restructuring of the system withadtling new functionality (Division,
Breaking Symmetry and Object Removal). We call dhelse two groups “solution
strategies”. The first is called “Extension strgte@nd the second "Restructuring

strategy”. See Figure 4.1 for a flowchart of th& 8lethod.
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Form a list of
the system and
it neighboring
objects

Construct a

Preparation .
Stage functional
model of the
system (optional
Identify problem
characteristics
Solution Extension Restructuring
Stage

operator

Unification Multiplication Breaking Division Object
Symmetry Removal

Figure 4-1. A flow chart of the SIT method

4.1.1. The Preparation Stage

In the preparation stage, the problem solver ideglito collecting and organizing
information about the giveengineering system, its structure, its neighborhaod its
associatedindesired effectd’he preparation stage consists of three consecsiieps
described below (The first two steps are relatethéogiven system itself, the third to

the undesired effects associated with the system).

The problem solver determines the problem’s ‘wobgforming a list olsystem

andneighborhoodbjects.

The functional interrelations among system objaats their underlying
technological concepts are determined through oactstg a hierarchical
Functional Model of the system. The functional nidddps the problem solver

recognize the system’s design rationale in genanal,how each object in the
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system operates in particular. In the course nétracting a functional model,
the problem solver may discover that one or moséesy objects are no longer
necessary. Understanding the functioning of eagdcbin the system is important
in case a particular object is removed from theéesysand its role fulfilled by
another. The functional structure is not a uniquestruct of the SIT method, and

is used elsewhere as well (e.g. [Goel, 1997])

Identifying as many Problem-Characteristics (sesptdr 3 for definition) as
possible. The problem-solving goal is determineduaditatively changing at least

one of them.

After carrying out these three steps, the problelves is familiar with the design-
rationale of the system, with its neighborhood, a#iti various aspects of the
relevant undesired effects. Both problem-solvingl@md constraints are now
determined in terms of the sufficient conditions$ tids point the SIT method guides

the problem solver to begin searching for soligion

4.1.2. The Solution Stage

This section explains in detail SIT’s two solutisisategies: Extension and
Restructuring and SIT’s Five Idea Provoking opemsatbinification, Multiplication,

Division, Breaking Symmetry, and Object Removal.

4.1.2.1. Solution Strategies

Any engineering system can be representedsasieture- a collection of interrelated
physical objects and their relevant attributest si@portfunction- an operation that
changes attributes of physical objects (See G887 )L Consequently, when an
engineering system suffers from undesired effeélsesproblem solver may begin the
problem solving process by focusing on either threefion or the structure of the
system. Beginning the problem-solving process witbcus orfunctions the problem
solver thinks first of a possible new function thah reduce or eliminate any of the
undesired effects (bring about a qualitative chandg®dT terms). Since the Closed-
World condition confines the solution to only maglifg (or eliminating) existing
objects the new function must be later associatddan existing object (or at least an
existing type of object). If the problem solver ®pd begin the problem solving

process in a focus atructure he or she should first think ofnaodificationof the
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existing structurgagain, the CW condition confines them) and laggify whether
that modification indeed results in a desired datie change. These two problem
solving approaches, namely beginning with funcaod beginning with structure are

calledsolution strategiesn SIT. They are defined as follows:

1st. Extension strategyirst extend the functionality of the system lyaddition
of a new function (operation) that can bring akedesired qualitative change,

then identify a closed-world object to carry oustbperation

2nd. Restructuring strategyirst modify the system’s structure, than vemfiiether

the modified system satisfies the qualitative cleacmndition.

The following problem exemplifies the applicatioitloe extension strategy
Endurance tests are being performed in a vessekerdamples are immersed in an
acidic liquid at high temperature and pressure.vidssel cannot withstand the
conditions and must frequently be replaced. Is pfoblem, a natural problem
characteristic is the relation between the attabatid concentratiorand the
undesired effealamage to the vessé&onceiving an operation that qualitatively
changes this relation is fairly straightforward:separate the acid from the vesiss
that there is no contact between the two). Thigaim extends current system’s
functionality. Problem solving proceeds now to seéection of a closed world object
that will serve as the agent carrying out the dpmmaFor example, the object that
will carry out the required operation (to sepatageacid from the vessel) can be the
sample itself. The required modification of thajeal is that the geometry of the

samples will change to that of small containeralimch the acid will be placed.

The following problem exemplifies the applicatiointioe restructuring strategyA
special type of reinforced concrete beam requiresspretched steel bars. The bars are
stretched by an electric current that flows throtlghbars and heats them up. The
heat expands the bars which are then fixed, sdhkatlength is forced to remain
constant. When they cool off, they are in the neglistate of tension (See Figure 4-
2). A problem arose when a new type of rod appedree high temperature of the
process dangerously weakened the mechanical piegpeftthese new bars. A close
look at this problem reveals that it is impossiiol€onceive an operation that will
break or invert the relation between the naturablgm characteristicdamage to the

metal rodand theemperature of the rodseparating the rod from the heat source, for
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example, will halt the system's operation. A pdssgolution to that problem is to fix
two bars (old and new) together in a row. The oldlis heated (using the same
technology - electric current flowing through tioel), until the two connected bars
become long enough. Then their end points are fivéeen the old rod is cooled, it
stretches the new one. This solution restructimesystem without extending its
functionality. A new degree of design freedomdkiaved by dividing the rod into a
section that is heated and a section that remawis It is interesting to note that the
restructuring strategy gives rise to a reverseukthg process, in which the structure
of the solution is determined prior to understagdis meaning (or function). This
reversed thinking process is defined by Finke [Ejrl092] as a cognitive process of
function followsorm (FFF). As mentioned in Chapter 2, a series of experiment
Finke conducted have shown that when people fallosvprocess they produce more
creative results. The second strategy then, faleeproblem solver into an FFF

thinking process

before heating after heating

Figure 4-2. The stretching system

4.1.2.2. Idea Provoking Operators

As mentioned SIT’s five idea provoking operatorgevextracted from numerous
exemplars of inventive solutions that satisfy tbaditions. The five operators are
divided into two groups: Unification and Multiplitan belong to th&xtension
strategy — when using them, the problem solveuideagl first to conceive an
operation that can bring about a qualitative chgbgesatisfying the QC condition)
and later to associate that operation with a clegedd object; Division, Breaking
Symmetry, and Object Removal belong to Restructuringstrategy — following the
guidelines of these operators, the problem soiv&rmodifies the existing system
(each of the three operators suggest distinct tgpewodifications) and later verifies
whether the modified system satisfies the QC camdiinote that the closed world
condition is ‘built in” all of the operators andettefore its satisfaction need not be

verified). We will now describe each of the fiveepators.
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Unification directs the problem solver to finding existingsystem or neighborhood
object to carry out the required operation. Theecbimay be modified to adapt to the
additional/new task, but must remain of the sarpe typ satisfy the closed world
condition. An example may be the following problefncompany develops materials
that should withstand extremely harsh environmesgatitions. Endurance tests are
performed in an oven, where samples (cube-shapeepbf solid material) are
immersed in an acid tank, at high temperature.prbblem is that the acid tank,

being exposed to the acid at high temperature, doeaithstand the conditions and
has to be discarded after each test. Using uniicahe problem solver first identifies
the operation “to separate the tank from the aamf then assigns the operation to the
object “samples”. The solution that emerges frois timification of the required
operation with an existing object is to drill a @ah the samples, pour the acid into the

hole and put the samples in the oven (the tankrbesaedundant now).

Multiplication directs the problem solver to search for a neigh8y modified

version, of an existing system or neighborhood alife carry out the required
operation. (Note that adding new instances oftiexjgypes of objects is allowed
under the closed world condition). The solutiorthte following problem is a good
example of Multiplication: In a certain area thexe vas number of flies that damage
the corps. The operation is “to reduce the numbéres”. A new object of the same
type as an existing one is to be added to carryhigibperation. This problem was
solved by adding sterile flies and by taking adagetof the fact that the feminine of

this specific type of fly can mate only once in hir time.

Division directs the problem solver to select one of theaib that belong to the
problem’s world, break it down into its parts, ahdn reorganize the parts in space
or in time. For example, consider a tall mast t@aties a great number of light
projectors. Maintenance cost is very high, singta@ng light bulbs requires access
to the tall mast. By using the division techniqwe, may first select the projector as
the object for which division is applied. The pjg is divided into its two basic
components: a light bulb and a reflector. We nowehta think of a new organization
of the parts (e.g. a new location for each partpossible idea is the following:the
reflectors stay on the mast, and the light sowscelocated on the ground. The idea is

that there will be a big reflector on the mast anall projectors will be directed at
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that reflector from the ground. Since the lightdsuare on the ground, the height of

the mast will not affect maintenance cost.

Breaking Symmetrglirects the problem solver to search for currgntraetries
(symmetries - in general, not limited to geomeirgloape) and to try to recognize new
states by breaking them. A symmetry is defined paiaof unrelated variables (e.g. a
circle is symmetrical in terms aihgle— first attribute, and distance from its center to
its circumference — second attribute). Breakingregtny thus means connecting two
hitherto unrelated attributes. For example, a ngire has constant volume in relation
to time (it is symmetrical in relation to time).vife let the firstttribute to beengine's
volumeand the second to Iiene (now unrelated), we may arrive at the idea of an
engine that changes its volume in time, as a fanatf load, for example. Practically,
the change of volume can be achieved through chgrige number of operating

cylinders.

Object Removallirects the problem solver to remove an objecanftbe system and
then search for alternativ€lpsed Worlgl objects to assume the function of the
removed object (if necessary), or to restructuessystem so that the operation,
carried out by the removed object, will not be rezkdny more. The search for an
alternative closed world object is performed witk tirection of eitheUnification or
Multiplication, whereas restructuring the system is conceivéld the direction of

Division or Breaking Symmetrfand even byObject Removadnce again).

4.2. The SIT Method in detail

This section presents the SIT Method in detail. Stinectured nature of SIT makes it
possible to formally present the method using @igpsyntax, a pseudo- code,
describing SIT as an interactive computer progréine. rationale underlying such a
presentation of SIT is to enable the tailoringltef tompositional power of natural
language (the fact that the meaning of a sentencenstructed from the meaning of
its parts, e.g. the verb phrase and the noun phiasiee SIT method. The idea is that
the SIT method will guide the problem solver to pase meaningful sentences that
express information - initially about the problemvorld (in the preparation stage)

and later about a partial solution concept (ingbleition stage). Each sentence is
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composed of pieces of text supplied by the metboahbined with text about the
problem supplied by the problem solver. We useegigpsyntax to present SIT as an
interactive computer program that collects infororafrom the problem solver and
composes the relevant sentences. This syntax ectegto form the basis for a

computerization the SIT method.

We begin with a presentation of the symbols thatfmase the syntax used for
presenting SIT, followed by a description of thetimoel itself. This section is best
understood by referring to the next section, inclitthe syntax described in this

section is used to present examples for using fhengthod.

4.2.1. The Special Syntax Used for the Description of th8IT Method

[text] Prompts for free text information entered by teeru
[list, ] Prompts for a list entered by the user containing N
entries

{option1] option2| ..} opion ~ Prompts for user selection from fixed system option
The selection is stored in “option”.

< list>gption Prompts the user to select from list entries preslyp
entered. The selection is stored in “option.”

Ainformation” Information (user selection or input) copied by the
system from one module to another

label Address mark

@X The information to the left of this sign shote stored
in variable X.

| Separator for alternatives (exclusive OR)
- label Go to the address tdbel

Bold text/Regular text Each SIT element is composed of a dynamic part that
can change and a static part that never changes. Th
dynamic part is presented in bold letters and thics
part in regular text

4.2.2. The SIT method Presented as An Interactive ComputeProgram

We now use the notation described below to preéSBnin pseudo-code as an

interactive computer program.
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A. Preparation Stage
system objects list
[system object list, ],
Neighborhood Objects List
[neighborhood object list, ]
Functional Structure

[<system object list & neighborhood object lisb@acceptorsneeds system
object list & neighborhood object list>@actorsto directly perform on it a desired
operation: pperation]@operationswhich is carried out according to the concept:
[concepi@concepts This is {the primary |not the primary} function of the

Acurrent object1” in the system, ]
Problem Characteristics
[undesired effects list, ,]

[Increasing the value of the attribuBgrameterj@causesncreases the level of the

undesired effect< undesired effects list>@efetts, ,
B. Solution stage

Strategy Selection

{ - extensioril- restructuring }

Extension

Conceptual Solution

[The relation<problem characteristics list>@prob_charwill change from an
increasing relation todecreasing unchanging}, if the following operation: $§imple

operation|@SimpleOperation is performed, ,].
Extension technique selection

{ - unification [J- multiplication }
Restructuring technique selection

{ - division[J- breaking symmetry(]- removing an object
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Extension Operators:
Unification

The object system object list & neighborhood object list@SelectedObjectwill
carry out the operation Y8pleOperation”. To do this, the object must be modified

in the following way: how the object will be modified.
Multiplication

New object(s) of the same type ag/stem object list & neighborhood object
list>@SelectedObjectwill be added to the system. The new object(s) walry out
the operation simple operatior®. To do this, the new object(s) must be different
from the original SelectedObject in the following way: [n what way the new

object(s) are different from the original onqg.

Restructuring Operators:

Division

The object system object list & neighborhood object list will be divided into {ts
basic partdsmaller elements of the same typ&andomly}. A new degree of

freedom will be achieved by locating each part {m&erent place Cdifferent

orientation [Jother difference]}
Breaking Symmetry

Select an object system object list & neighborhood object list@SelectedObject

Form a list ofimportant object parametefisst of parameters of that object.

The object SelectedObject*will be modified so that the object’s parametdistof
parameters> which is currently unrelated to the objects patan<list of
parameters> will be related to it in the following wayidcreasing

functionOdecreasing functiori] [other]}
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Object Removal

The object ©bjectls>@RemovedObjectwill be removed from the system. Its
operation the operation of the removed object targeted at the objectthe target
object of the removed object { - will be carried out by another closed world
object [J- will not be carried out any more, and to compensatdhe system will be

restructured}
Will be carried out by another closed world object

The closed world object that will carry out the rarad object’s function will
{ continuelnot continuet@Choice to apply the conceptcdncept of the removed

object®

Idea provoking technique selection

{ - unification (object removal) 00 — multiplication (object removal) }

Will not be carried out any more, and to compenste system will be restructured
{ - division (object removal) - breaking symmetry (object removal)}
Unification (Object Removal)

The operation, dperation of the removed object targeted at the objectarget of
the removed object , that was carried out by the removed objecembved
object®, will now be carried out by the objectystem object list & neighborhood
object list>@SelectedObject The new object will §¢ontinuelnot continue} to
operate according to the concepthe*concept of the removed obje¢t To do this,
the object "SelectedObject must be modified in the following wayh¢w the object

will be modified].
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Multiplication (Object Removal)

The operation, dperation of the removed object targeted at the objectarget of

the removed object, that was carried out by the removed objecgmbved

object®, will now be carried out by new object(s) of tame type assystem object
list & neighborhood object list>@SelectedObjecthat will be added to the system.
The new object will €ontinuenot continue} to operate according to the concept:
the concept of the removed object To do this the new object(s) must be different
from the original » SelectedObject” in the follogiway [In what way the new

object(s) are different from the original onqg.
Division (Object Removal)

The object femoved object* will be removed from the system. Its operation
~operation of the removed object targeted at the objectarget of the removed
object™ will not be carried out any more, and to compénshe system will be
restructured in the following way: the objedystem object list & neighborhood
object list> will be divided {into its basic partd]into smaller elements of the
same typérandomly}. A new degree of freedom will be achieved by nmakeach

object different in {ocationl] orientation Cproperty [other]}
breaking symmetry (Object Removal)

Select an object system object list & neighborhood object list>@ SektedObject

Form a listimportant object parametefisst of parameters nparameters

The object femoved object* will be removed from the system. Its operation
~operation of the removed object targeted at the objectarget of the removed
object™ will not be carried out any more, and to compénshe system will be
restructured in the following way: The objectetéctedObject”will be modified so
that the object’'s parameteltist of parameters> which is currently unrelated to the
objects parameter list of parameters> will be related to it in the following way:

{increasing functionCldecreasing functiori] [other]}
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4.3. Examples for using SIT to find creative engineering solutions

This section presents seven examples for usingsithenechanism to creatively solve
engineering problems. The SIT mechanism is predeghteugh the pseudo-code
described in the former section. Problems 1, 6 weheed by the authors with the aid
of the method; Problem 2 was solved by anothernpgttitioner; the solutions to
Problems 3 and 5 are known commercial productgl@mts 4,7 were taken from
[Altshuller, 1985].

Each example demonstrates only one direct pattcteative solution. In real life, the
process would be, of course, less straightforwiakahlving moving back and forth
through SIT’s routes. When using the method in séahtions, the problem solver
would use the branching mechanism of SIT and iffiereint possible selections to

construct a search tree, which at times may be darige.

4.3.1. Dipping Wires in Tin

It is necessary to solder electric wires to a postswitchboard. Best results are
achieved if the wires are coated with a thin layferin before the soldering process.
To coat the wires with a thin layer of tin, thaye inserted into a liquid tin vessel so
that their tips are coated with a thin layer. Tor@ase the throughput of the process,
many wires are inserted at once. But then a pnolel@erges: due to the short
distance between the wires, and the surface tens$itm, some wires stick together
when they are lifted from the tin. After separatihg wires, their tin layer becomes

uneven, and the quality of the soldering processribeates.
wire

tin

Figure 4-3. The tin coating system

A. Preparation Stage

System objects list
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[wire; insulator; tin, bowl; heat; heat source; worker]
Neighborhood objects list

[air]

Functional Structure

[Tin needsheatto directly perform on it the desired operatiommelt according to

the conceptmelting by heat This isthe primary functionof theheatin the system.

Heatneedseat sourceto directly perform on it the desired operatidn:generate
according to the conceptectric heating This isthe primary functionof theheat

source inthe system;

Tin needswire to directly perform on it the desired operatitmaccumulate
according to the conceplectric heating This is thenot the primary function of the

wire in the system]
Problem Characteristics
[tin layer is uneven; wires may be disconnected]

[Increasing the value of the attribigerface tensionincreases the level of the

undesired effedin layer is uneven

Increasing the value of the attributeevenness of the tin layemncreases the level of

the undesired effeetires may be disconnected
. Solution Stage

Strategy Selection

{ - extensiori]- restructuring }

Extension

Conceptual Solution

The relationincreasing the value of the attribute “surface ten®n” increases the
level of the undesired effect “tin layer is unevenwill change from an increasing
relation tounchanging, if the following operationto not let tin that belongs to one

wire be in contact with the tin that belongs to anther is performed.
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Extension technique selection
{ - unification (0 multiplication }
Unification

The objecinsulator will carry out the operatioto not let tin that belongs to one
wire be in contact with the tin that belongs to anther. To do this the object must

be modified in the following wayhe insulator needs to be present at the tips.
Schematic solution

The insulator will not be removed prior to dippitig wire in the tin. As shown in
Figure 4-4, the insulator will form a small tub@and the wire in which the tin will
penetrate. There will be no contact between theftome wire and another. Note: this
solution has been personally tested by the autibrtavas found that it is working

(producing very high quality soldering) with no wsited side effects

unremoved tin
insulator /
\ yd

Figure 4-4.The solution to the tin problem

4.3.2. Derailing Detection Device

A train’s braking system includes a pipe, that pasgong the cars. The air pressure in
the pipe is 5 atmospheres. Under emergency condifsuch as derailing), the air

must be released very quickly. To ensure suffityefiast release of the air, it should

exit through an opening that is at least 1&cBuring normal operating conditions,
this opening is closed with a stopper, which isased, when necessary, by the air

pressure itself (see figure 4-5).

In normal operation, the stopper is held in plaga blerailing detector device. The
problem is that the derailing detector can exely 6rb KgF, which is insufficient to

balance the 50 KgF applied by the internal pressuarthe stopper.
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compressed air

—(stoppe)——

derailing
detector

Figure 4-5. The derailing detector system

A. Preparation Stage

System objects list

[stopper; derailing detection device; pipe, derailig signal
Neighborhood objects list

[air; rails; cars, engine; passengells

Functional Structure

[Derailing signal needsderailing detection deviceto directly perform on it the
desired operationto generateaccording to the conceptletection of momentary
free fall of one of the wheelsThis isthe primary function of thederailing

detection devicen the system;

Stopper needderailing detection deviceto directly perform on it the desired
operation, to hold in placeaccording to the conceptising its compressed spring

This isnot the primary function of thederailing detection devicein the system.

Air needsstopper to directly perform on it the desired operattomot let go out
according to the concepblid material. This is the primary function of thestopper

in the system.

Stopper needsair to directly perform on it the desired operatida,openaccording
to the concepgas pressureThis is not the primary function of theair in the

system;]
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Problem Characteristics
[force is needed to hold the stopper in place]

[Increasing the value of the attribig®pper’s areaincreases the level of the

undesired effediorce is needed to hold the stopper in place

Increasing the value of the attrib@tie pressure increases the level of the undesired

effectforce is needed to hold the stopper in plage
B. Solution Stage

Strategy Selection

{ - extensiori]- restructuring }

Extension

Conceptual Solution

The relationincreasing the value of the attribute “air pressuré increases the level
of the undesired effect “force is needed to hold thstopper in place”will change
from an increasing relation tonchanging if the following operationto exert force
that is identical in magnitude and opposite in diretion to the force exerted on

the stopper by the air pressurds performed.
Extension technique selection

{ - unification - multiplication }

Multiplication

New object(s) of the same typesispper will be added to the system. The new
object(s) will carry out the operatido exert force that is identical in magnitude
and opposite in direction to the force exerted orhie stopper by the air pressure.
To do that, the new object(s) must be differeotrfithe originaktopperin the

following way: its area should be slightly different
Schematic solution

The new stopper will be mounted precisely aboeedttiginal one (see figure 4-6).
The two stoppers will be connected by a thin striffge pressure exerted on the new

stopper will almost nullify the force exerted or thriginal stopper by the air pressure.
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Note: the same idea is used in many high-presssteras whenever a small force

should keep a stopper in a high-pressure system.

derailing
detector

Figure 4-6. The solution to the derailing detegiablem

4.3.3. A Simple and Reliable Timing Mechanism

Explosion processes (for example, blowing up dda) are very sensitive to the time
difference between explosions. It is imperative tha timing mechanism be very
accurate, reliable, and simple. In military apgi@as, the mechanism may be buried

in the ground for a long time and then suddenlydede

One possible design is a free falling ball thasebkelectric circuits located at different
heights in a vacuum tube (see Figure 4-7). Thelpnolis that the ball loses some
velocity due to friction which degrades the accyralt is impossible to simply

calibrate the device since the variance in frici®too large.

elctro magnet

O

Figure 4-7. The timing device

A. Preparation Stage
System objects list

[ball; electrodes; timing signal; electric currentbe, electromagnet]
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Neighborhood objects list
[air]
Functional Structure

[Timing signal needdall to directly perform on it the desired operatitingreate
according to the concefree fall. This isthe primary function of theball in the

system.

Timing signal needselectrodesto directly perform on it the desired operatitmset
intervals according to the conceptlistance relative to interval This isthe

primary function of theelectrodesin the system.

Timing signal needslectric current to directly perform on it the desired operation,
to transfer according to the conceptow of electrons This isthe primary function

of theelectric current in the system.

Electrodesneedgube to directly perform on it the desired operatiotg hold
according to the conceptiechanical force This isnot the primary function of the

tube in the system.

Air needgube to directly perform on it the desired operatitmplock according to
the conceptsealing by solid material This isthe primary function of thetube in

the system]
Problem Characteristics
[time intervals are inaccurate; explosions are ineftient]

[Increasing the value of the attribdtection increases the level of the undesired effect

time intervals are inaccurate.

Increasing the value of the attribu@ccuracy of time intervalsincreases the level

of the undesired effeetxplosions are inefficient
B. Solution Stage
Strategy Selection

{ - extension]- restructuring }
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Restructuring

Restructuring technique selection

{ - division[1- breaking symmetry(]- removing an object

Division

The objecball will be dividedrandomly. A new degree of freedom will be achieved

by locating each part indifferent place (see figure 4-8)

P N
A
.
I
A 4
-

Figure 4-8. The division of the ball

Schematic solution

There will be three different slices having diffiereadii. The gap between any pair of
electrodes will be a function. of their heightdgher electrodes, larger gap. Initially
the slices will be fixed to the top of the tube (op the other) through the
electromagnet. When the electromagnet is reledisedlices will fall together at the
same velocity. Each slice will stop at the fipsir of electrodes whose gap is smaller

that the slice's diameter, without affecting thieeotslices which continue to free-fall.

elctro magnet

R il )

S

Figure 4-9. The solution to the timing device pesbl

4.3.4. A Candle Without Wax Spillage

When a candle burns, the wax often flows to the lodishe candle. This phenomenon

is undesired. especially in birthday candles oresak

97



CHAPTER 4: THE SIT METHOD

A. Preparation Stage
System objects list

[wax; wick; flame; light]
Neighborhood objects list
[air; cake]

Functional Structure

[Light needdlame to directly perform on it the desired operattorgenerate
according to the conceptirning. This isthe primary function of theflame in the

system.

Flame needsvax to directly perform on it the desired operattorsupply energy
according to the concefftammable material. This isthe primary function of the

wax in the system.

Flameneedsir to directly perform on it the desired operattorsupply oxygen
according to the concepkidizer. This isthe primary function of theair in the

system

Wax needswick to directly perform on it the desired operattortransfer according

to the conceptapillary. This isthe primary function of thewax in the system.

Wick needsvax to directly perform on it the desired operattorhold according to
the concepinechanical support by solid material This isnot the primary function

of thewax in the system.

Wax needdlame to directly perform on it the desired operattorheataccording to
the conceptlirect heating by flame This isnot the primary function of theflame

in the system;]
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Problem Characteristics
[wax flows to the base of the candle]

B. [Increasing the value of the attribudandle lengthincreases the level of the

undesired effeavax flows to the base of the cand]&olution Stage
Strategy Selection

{ - extensioril- restructuring }

Restructuring

Restructuring technique selection

{ - division[J- breaking symmetry( 1. removing an object

Symmetry Breaking
Select an objeavax.

Form a list ofimportant object parametegnsdius, location along the radius

melting temperature, materiall.

The objectvax will be modified so that the object’s parameteiting temperature,
which is currently unrelated to the object’s partaniecation along the radius,will

be related to it in the following waincreasing step function
Schematic solution

The wax at the outer part of the candle will méitrathe wax in the inner parts and a

natural bowl are formed (see Figure 4-10). Ndtes is a commercial product

liquid wax
\'

high melting_point low melting point

Figure 4-10. The solution to the candle problem
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4.3.5. Oil Grains

The ‘residue’ is a by-product of an edible oil puotion process. The residue that is
left after oil extraction from the seeds (corn,,dogans, etc.) is a viscous substance

that is conveyed to other manufacturing processes.

Two processes take place in parallel: 1. Toasted(es food for animals), 2. Flash

(produces milk substitute for babies).

The residue is dropped from a height of severdlifgée a clapper that divides the
residue into the desired amounts for each prodessxXample, 70% to the toaster and
30% to the flash). The division ratio can be deteed by changing the angle of the
clapper (see Figure 4-11). If the desired divigiain between the two processes is
such that a small amount is directed to one protiesslapper leaves just a narrow
gap for the material to flow. In such cases, #wmdue enters the clapper mechanism,

and after a short while it clogs the clapper armtks the outlet.

oo
o
P
o o
Qo o o
A o o
o0 o
° oo

Figure 4-11. The branching point between the tvoxgsses

A. Preparation Stage
System objects list
[clapper; residue; containel
Neighborhood objects list
[air; oil ]

Functional Structure

[Oil residueneed<slapper to directly perform on it the desired operattordivide
according to the concephgular movable mechanical separating point that
changes the outlet area of each proces3his isthe primary function of the

clapper in the system;]
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Problem Characteristics
[there is a probability of blockage]

[Increasing the value of the attribigickiness of the graingncreases the level of the

undesired effedhere is a probability of blockage

Increasing the value of the attribwlizision ratio increases the level of the undesired

effectthere is a probability of blockagég
B. Solution Stage

Strategy Selection

{ - extension]- restructuring }
Restructuring

Restructuring technique selection

{ - divisionJ- breaking symmetryJ- removing an object

Object Removal

The objectlapper will be removed from the system. Its operatiomivide targeted

at the objecoil residue { - will be carried out by another closed world object

O- will not be carried out any more, and to compensatéor that, the system will

be restructured.}
Will be carried out by another closed world object

The closed world object that will carry out the Barad object’s function will
not continue to apply the concepingular movable mechanical separating point

that changes the outlet area of each process.
Idea provoking technique selection

{ - unification (object removal) [0 — multiplication (object removal) }
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Unification (Object Removal)

The operatiorio divide targeted at the objeotl residue, that was carried out by the
removed objectlapper, will now be carried out by the objemit residue. The new
object will not continue to operate according to the conceahgular movable
mechanical separating point that changes the outletrea of each processlo do
this, the objecoil residue must to be modified in the following wagtl the material
will be directed at the higher added value procesand only excess material will

slip to the other process
Schematic solution

The outlet of the material will be above the emtryhe milk substitute process
(process B), which is the higher added value poc®¥ghenever process B can
process all the input material, no material willdiected to process A. When the
flow of input material exceeds the requirementmfcess B, the entry to that process
will be full and the excess material will flow togzess A (see figure 4-12). Note: this

solution was implemented in Yizhar company in Aghdo

Figure 4-12. The solution to the oil residue prable

4.3.6. Baby Chair
Since tables have different heights, the gap betilee height of a baby chair and the

table might be too small or large causing inconeeoe to the baby.
A. Preparation Stage

System objects list

[legs; seat; baby; forcg

Neighborhood objects list

[table]
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Functional Structure

[Forceneeddegs to directly perform on it the desired operatitmtransfer from
floor to seataccording to the concepgid solid material. This isthe primary

function of thelegsin the system.

Baby needseatto directly perform on it the desired operattorsupport according
to the concepa planar solid material that distributes pressure This isthe

primary function of the seatin the system.

Seatneeddorce to directly perform on it the desired operattorsupport according
to the conceptnechanical force This isthe primary function of theforce in the

system].
Problem Characteristics
[there is an incorrect gap between the baby cimairtiae table]

[Increasing the value of the attribugble height increases the level of the undesired

effectthere is an incorrect gap between the baby chair ahthe table
B. Solution Stage

Strategy Selection

{ - extension]- restructuring }

Restructuring

Restructuring technique selection

{ - divisionJ- breaking symmetryJ- removing an object

Object Removal

The objectegswill be removed from the system. Its operationransfer targeted at

the objecfforce { - will be carried out by another closed world object1- will not

be carried out any more, and to compensate for thathe system will be

restructured}
Will be carried out by another closed world object

The closed world object that will carry out the warad object’s function will

continueto apply the conceolid material
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Idea provoking technique selection

{ - unification (object removal) [1 — multiplication (object removal) }

Unification (Object Removal)

The operatiorio transfer targeted at the objeftrce, that was carried out by the
removed objectegs will now be carried out by the objdetble. The new object will
continue to operate according to the concseplid material. To do this the objedegs

need to be modified in the following wayo modification
Schematic solution

The baby chair will have no legs and will use thae itself for support (See Figure 4-

13). Note: this solution is a commercial product

Figure 4-13. The solution to the baby chair problem

4.3.7. Ice breaker

Ice breakers are used to clear the way for tankksisig its engine power, the ice
breaker climbs on the ice layer, breaking the layer downward motion by its own
weight. The problem with this operational princigehat it is too slow, rendering the

process almost uneconomical.
A. Preparation Stage

System objects list

[ice breaker; freight; tanker]
Neighborhood obijects list

[sea water; icé
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Functional Structure

[Ilceneedsce breakerto directly perform on it the desired operattorbreak
according to the concepsing the icebreaker’'s own weight This isthe primary

function of theice breakerin the system.

Freight needganker to directly perform on it the desired operattorcarry
according to the concefibating on the water. This isthe primary function of the

tanker in the system]
Problem Characteristics
[ice slows the tanker]

[Increasing the value of the attributeidth of the tanker increases the level of the

undesired effedte slows the tankef
B. Solution Stage

Strategy Selection

{ - extensiorl- restructuring }
Restructuring

Restructuring technique selection

{ - division[J- breaking symmetry(]- removing an object

Object Removal

The objecice breakerwill be removed from the system. Its operatiorbreak
targeted at the objeate { - will be carried out by another closed world object

O will not be carried out any more, and to compensatéor that, the system will

be restructured}

Will not be carried out any more, and to compensaite¢hat, the system will be

restructured

{ - division (object removal) - breaking symmetry (object removal)}
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Division (Object Removal)

The objecice breakerwill be removed from the system. Its operatiorbreak
targeted at the objeite will not be carried out any more. To compensdte, dystem
will be restructured in the following way: the objéanker will be divided

randomly. A new degree of freedom will be achieved by mgleach object different

in location.
Schematic solution

The tanker will be divided into two parts. The pairthe ship that is above the ice and
the part that is below it (see Figure 4-14). The parts will move, one above and one
below the ice. The two parts will be connected blyia wall that has almost no

resistance to ice.

side view front view

|

Figure 4-14. The solution of the ice breaker proble

4.4. Empirical demonstration of the effectiveness of the SIT method

The role of the empirical study, presented in fiastion, is to demonstrate the
effectiveness of the SIT method in directing thebpem solver towards solutions that
satisfy the sufficient conditions. The method’'sefiveness is thus measured as the
amount of increase in the success rate of findorglitions-satisfying solutions

among SIT trainees, before and after SIT training.

The experiments were held in 18 SIT workshops whimbk place between 1995 and
1997. Each workshop was accompanied by a prettesa @ost-test. The participants
were given engineering problems and asked to shisa creatively. Before the
course they were asked to use their own understgrdicreativity. After the course,
they were asked to find conditions-satisfying sohsg by using the SIT method. The

results of the experiments show a substantial @s&en the rate of success in finding
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conditions-satisfying solutions after SIT trainifighe rest of this section describes the

experiments and their results in detail.

4.4.1. Subjects

The subjects were engineers from various Israehpamies, or Industrial Engineering
students just before graduation. All the subjeetdicipated in a 30 hour “inventive
thinking course” in which the SIT method was taughd exercised. A total of 180

subjects participated in the experiment.

4.4.2. Method of Experiment

Each subject was given one or two engineering problprior to the course and one

or twodifferentproblems after the course. Ten real engineeniablems were used

in the experiment, among them problems 1, 2, afndré the Examples Section
(Section 3) and thstretching bargproblem from Section 2. In the pre-test, the
subjects were encouraged to suggest creative aeh produce more than one
solution. In the post-test, subjects were instaicte use the SIT method to find
conditions-satisfying solutions. Here, too, thegr&vencouraged to produce more than
one solution. Both in the pre-test and in the pest;: time was not limited and most

subjects did not need more than half an hour peslem.

It is important to note that the two tests werehmdtl under the same motivational
conditions. At the beginning of the course, thlomotivation of the subjects was to
show that they were creative (the test was notynons). At the end of the course
the motivation was to show that they had mastdred5IT method. Another important
fact is that the number of subjects in the postweas somewhat smaller than that of

the pre-test as a few subjects left the coursednous reasons.

4.4.3. How SIT is being taught

SIT is taught in a one—semester, 30 hour, couis, i the first 10 hours of the
course the theory of the sufficient conditionsrssented, and then in the next 6 hours
the SIT algorithm is presented, using the syntas@mted on Section 4.2.2. In class
the students view presentations of solved probl@ine.solve problems themselves in
home-work. During the whole course the studentgestiiemselves about 20

problems.
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4.4.4. Analysis of the Data

For each problem, alist of ‘all suggested dédfdrsolutions’ was prepared. This list
contained all the different suggestions for sohangpecific problem . Each solution
to each problem was assigned an identity numbex.ré&sponse of each subject was

coded by fitting a list of relevant identity numbeo his or her responses.

4.45. Results

Table 4.1 shows the difference in the rate of ssecé subjects in finding condition's
satisfying solutions. The rate of success is ddfexethe ratio between the number of
subjectswho succeeded in finding conditions-satisfyingons and the total

number of participants. Note that this definiti@hates to the rate of successful
subjectsand not to the rate of successfalutions,which might be different. The
results show a substantial increase in the rasei@fess in finding conditions-
satisfying solutions. Since the study in ChaptbBa8 shown a tight relation between
the qualities of conditions-satisfying and creatigss, it is fair to say that the subjects

managed to produce more creative results afterdbese.

One exception is Problem 9 for which the pre-tesings a higher success rate than
the post-test. Our explanation for this anomalp& the solution to this specific
problem adapts a widely known conceptual idea:ngaspace by inserting objects one
within another. In this case the ability to reteethat concept was more influential

than the hints supplied by the method.
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Table 4-1The rate of success before and after the courgeAfBeendix B for a

detailed report of the problems used in this study)

Problem number of rate of Number of rate of statistical
participants | success participants | success significance
(before the (before the (after the (after the level
course) course) course) course)

L 46 0.02 38 0.26 rex

2 21 0.00 25 0.48 *r*

3 32 0.00 21 0.33 *xx

4 34 0.06 53 0.68 *xx

5 52 0.00 22 0.41 *rx

6 18 0.22 26 0.31 insignificant

7 18 0.17 26 0.58 *xx

8 21 0.05 11 0.55 *r*

9 64 0.34 14 0.29 insignificant

10 59 0.22 19 0.79 *xx

Average 36.5 0.11 25.5 0.47

4.4.5.1. Qualitative Results

The histograms shown in Figure 4-15 demonstrateligtabution of the suggested
solutions before the course (the left part) anerdfte course (the right) part. The
darker strips represent conditions-satisfying soh#. All suggested solutions were
recorded for the construction of these histogramishvmeans that if a participant
produced a number of solutions, they were all takemaccount. The solutions in

each histogram are arranged according to theiuéegy in the pre-test.

The histograms show two recurring properties wimterestingly shed more light on
the effect of SIT creativity training: 1) The varie of the distribution after the course
is much smaller, which demonstrates the effectidfeS a creative filter for solutions.
2) After SIT training, the solutions that were thest popular ones before the course
virtually disappeared after the course. This meéhaseven those subjects who failed
to produce conditions satisfying solutions managease SIT principles to guide

them toward more original solutions.

109



CHAPTER 4: THE SIT METHOD

problem 1 problem 2 problem 3
—— '—7% —
T ] —f
problem 4 problem 5 problem 6
problem 7 problem 8 problem 9

problem 10

e

Figure 4-15. Pre-training and post-training disttibn of solutions. Gray lines

represent conditions-satisfying solutions

4.5. SIT versus other Creative Problem Solving Techniques

This section, which discusses some general featfrereativity enhancement
methods, is followed by a discussion about thenrddferences between SIT and
other well-known creative problem-solving methd@igin Storming, TRIZ, and

Synectics (See Chapter 2 for a detailed descrigtidhese methods).

4.5.1. General Features of Creativity Enhancement Methods

Creativity enhancement methods can be roughly dividtoprocess leveinethods

andcontent levebnes. Process level methods support the problérarsa the
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organization and management of his problem soltasl, but do not supply tools for
analyzing and manipulating content. These methoddedproblem-solving into
distinct parts, each part characterized by a diffeset of tasks. The different
processes are formulated in general terms, suptoatgem definition, idea finding

and idea evaluation. Many of these methods supphters to other more specific
methods in each problem solving segm@untent levemethods operate on the
problem content itself. They supply the problenveplvith a set of empty templates,
or a list of questions to be completed with infotiora about the problem. These
templates help the user to reorganize the infoonat hand, make new associations,

draw new meaning out of the same data, and gethimaw/ for the solution.

Content level methods can be further divided akwaorthogonal dimensions into
static versusdynamicmethods and associative versus non-associatiggc tethods
incorporate a list of ‘ready-made’, mostifat if questions that the problem solver
should try to answer to get new ideas. The promsyplied by the method are thus
not a function of the problem solver’s responspravious prompts. An example of
such a question isWhat would happen if an object is removed fronsistem?”.
Dynamicmethods supply the problem solver with such taslsemplates, diagrams,
empty forms, prompts, and questionnaires whosesatsithange in the course of
problem solvingAssociativenethods involve mechanisms for associating current
problem ‘world’ with other hitherto unrelated ‘cemt-worlds’. These methods often
use elements such as analogy and metaphor todramsftent from one ‘world’ into
another. In contrastnon-associativenethods operate only on current problem sphere

content, and supply the user with tools for analyand manipulating that content.

4.5.2. SIT vs. Brain-Storming

Brain-storming, probably the most popular creagieihhancement method, is a
process-leveinethod. As such it suffers from two main drawbadkse first is that,
due to the lack of criteria for inventiveness, rweative ideas can find their way
through, as the participants tend to promote thegiural, non-original ideas. Instead
of using the method to find new ideas, the useesthis method to justify their old
ideas (Sentences such as “this idea popped outriai@storming session” are heard).
The second draw back is that, by emphasizing dyaatiot of intellectual effort is

invested in non-fruitful ideas. SIT amelioratesthituation by reformulating the
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problem definition through the framework of thefsiént conditions that ensures
both the originality of the ideas and their potehtid develop into good engineering

solutions.

4.5.3. SIT vs. Synectics

SIT and Synectics are both content-level methaus tlaerefore most of the
differences between these methods are derivedtiiahfact that Synectics is an
associative method and draws its power from extrg@nalogical situations outside
the current problem sphere. SIT draws its powenfextending and manipulating
problem sphere information. SIT advantages ovee&ycs follow directly from its
non-associative mechanism. Finding and using tite enalogy is a creative endeavor
itself and it has been shown that even if subjaot given a story containing a
relevant analogy just minutes prior to a problenwisag session, they fail to

recognize its relevance if not explicitly told.

45.4. SITvs. TRIZ

TRIZ is the only known method that, like SIT,aigontent-level, non-associative

method. SIT differs from TRIZ, however, in the falling aspects:

Criteria for inventivenessSIT useghe framework of the sufficient conditions as a
criteria for inventiveness which is an improvementTRIZ’s ‘overcoming conflict’

criterion as mentioned in Chapter 3.

CompactnessSIT includes a significantly smaller number okogtors (5 versus more
than 40). The result of this compactness is thtat abme training the SIT process
becomes innate in the problem-solver’'s mind, rendet unnecessary to refer to
external aids in the course of problem solvinge €bst (in terms of efforts, halting
the process etc.) of resorting to external knowdeolgses (such as printed material,
computer programs etc.) is often very high, whigsults in abandonment of the

procedure.

Abstraction level SIT operators operate on a consistent, contanstending
abstraction level. TRIZ’s techniques operate batladigh, content free, abstraction
level and on a content expert-system like levet.és@mple one of TRIZ' techniques

is the following “If you need to separate a mixtoféwo materials in a powder form,
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use vibration”. Table 4-2 summarizes the main diffiees between the Brain

Storming, Synectics, Triz, and SIT.

Table 4-2 A summary of the main differences between therBsaorming,

Synectics, Triz, and SIT

Brain Synectics Triz SIT
Storming
Main creative mechanism Suspensionalogies Principles, | Solution
of Standards, | techniques
Judgement Effects
Number of techniques No Small (4 Large Small (5
techniques | types of (hundreds) | Operators)
analogies)
Is domain knowledge included? No No Yes No
(especially
in standards
and effects)
Group or individual Group Individual | Individual Individual
and Group
Criteria for inventiveness No No Conflict | Sufficient
elimination | conditions
(CW+QCQC)
Systematic or Non-systematic Non Systematic  Sydiema Systematic
Associative or Non-Associative|  Associatie Assaeet| Non Non

4.6. Summary and conclusions

This chapter presented SIT, a method aimed ataggsproblem-solvers in arriving

at creative, conditions-satisfying, solutions. Bi€ method consists of a preparation

stage in which the problem is analyzed and itsedlagorld as well as the required

qualitative change are determined And a solutiagesconsisting of two solution

strategies and five idea provoking operators. S&§ presented t formally by means of

a pseudo-computer code. SIT’s effectiveness ireaging the rate of engineers who

arrive at a creative solution has been demonsteatgarically.

Although the SIT process is triggered by a desicnipdf an engineering system and

its associated undesired effects, it can work evileen no undesired effect is known,

or when no system is given. If no undesired effe&nhown, it is possible to

artificially generate one by hypothetically incregsthe system’s performance until

undesired effects begin to emerge. If no systegivisn and only an undesired effect
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Is stated, the closed world condition would allinve creation of a system from

objects that naturally reside where the undesifiedttehas emerged.

SIT’s output is a partial solution concept and adull-fledged solution to a problem.
The problem solver remains responsible for elabuyahe information supplied by
SIT into a detailed solution. SIT, like other knoaneativity enhancement methods,
does not guarantee that all solutions that satiiefyconditions can be derived by the
method. Solutions that do not incorporate any effife idea provoking operators
may be missed. Three sets of creative solutiondeatefined: solutions derivable by

the method1 solutions that satisfy the conditionsall creative solutions.

Like any other problem-solving aid SIT is not fifieem limitations and this should be
stated explicitly. In order to compile the necegsaformation from the problem
statement into the language of the conditionsprteehanism of the problem itself
must be relatively well understood, and the probheust be reasonably well
delineated in space and time. When the situatitigisly complex, ambiguous, and
not confined in space and time SIT looses mucksdaéffectiveness. In such cases it is
hard to identify both the objects that comprisertievant closed world and the
required qualitative changes. Another limitatiomdkated to the fact that SIT is geared
to support the generation of a specific type ofisohs, those satisfying the
conditions. Obviously, there may be other solutidgh®blem solvers must be aware

of this fact, especially if SIT fails to producdistactory results.
The following points summarize the main featureSlir:

SIT is a problem-solving method designed to helgiregers develop

inventive designs

SIT produces improved solutions within the currdomain (and
paradigms) that satisfy the Closed World condiaod the Qualitative Change

condition

SIT is based on five operators that change theentigystem without
violating the CW Condition

SIT is structured in such a way that it can belgasivelop into a

computer aided inventive design system
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Empirical studies proved SIT’s effectiveness inr@asing the rate of

problem-solvers that produce inventive solutionsrigineering problems
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THE COGNITIVE FOUNDATIONS OF
ENGINEERING CREATIVITY

Chapter five

The former chapters focused on objective propedieseative engineering solutions,
expressed in terms of two jointly-sufficient comalits, and suggested SIT - a step-by-
step method that supports the search for creatindittons-satisfying solutions. The
issues were presented with almost no referendeetosychological implications.
But these are, of course, crucial to the succesagiplication of the method, as it is
humans who learn SIT and apply it to creativelysa@ngineering problems. Several
fundamental issues arise in this respect: theiiitstion of the basic cognitive
processes that constitute a successful use otl&Tsychological profile of a
successful (as opposed to a non-successful) SITthgeway thinking styles change
in the course of learning SIT; and the correspooddretween the level of success in
using SIT and the scores in accepted creativitg ®sch as the Kogan and Wallach

test.

The successful acquisition and use of a thinkinthogtdepends on many factors
including, among others, personality traits, mdioa, cognitive ability, disposition
and style. In this chapter we focus, however, anlyognitive aspects of learning and
using the SIT method. Two research tools are uséuki study: The Kreitler and
Kreitler theory of meaning [Kreitler and Kreitlel990 a] exposes the main cognitive
processes relevant to SIT use and mastery, artdatpen and Wallach creativity test
[Wallach and Kogan, 1965] is used for testing #lations between the theory of the
sufficient conditions (and the SIT method deriveahf them) and the most widely

accepted theory of creativity - the theory of dgeat thinking.

The results of the study presented in this chagtew that individuals who tend to
find conditions-satisfying solutions are charactedi by distinct cognitive factors
lacking in those who do not. Furthermore, thesenitivg factors are easily explained

in relation to what is known about creative proess$or example the importance of
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fluency and flexibility. Theoretically the resulsupport the theory of the sufficient
conditions by showing that the conditions constitatramework of a distinct,
creativity-related, and psychologically importaat ef solutions. Practically, the
identification of cognitive processes underpinnitiigg search for creative engineering
solutions (using SIT) can serve as the basiddevelopment of cognitive training

programs aimed at preparing individuals for bedtauisition and use of SIT.

The results of the study also shed light on saimedmental and bewildering
questions accompanying creativity study from itdyedays: is creativity a general
competence across domains or is it strongly dosyaeéeific; why does the theory of
divergent thinking fail to supply reliable predantis of real life creative performance;
and finally, is creative thinking a unique thinkipgpcess, or just a particular case of

problem solving as maintained by the ‘nothing spkeapproach?

The chapter begins, in Section 5.1, by descrilinegdreitler and Kreitler theory of
meaning including its definition of meaning, meanirariables, meaning
measurement through the meaning questionnaireh@ndhe theory of meaning has
been used in previous studies to expose the ummaggyocesses of cognitive tasks; in
Section 5.2 the Kogan and Wallach creativity testascribed; the experiment and its
(raw) results are described in detail in Secti@) Bhe results are analyzed in Section

5.4; Section 5.5 concludes this chapter and sigjgesne practical implications.

5.1. The Kreitler and Kreitler theory of meaning

Meaning has long been viewed by philosophers, Istgucomputer scientists and
other investigators in the human disciplines astimogortant in human action. Until
the emergence of the Kreitler and Kreitler thedrgpneaning, however, there were no
empirical tools for the characterization and quaiion of cognitive content:
philosophers treated meaning in unoperational tewhsreas psychological theories
such as Osgood’s theory of ‘semantic differenf@sgood, 1958] were too limited in
their conceptual and methodological scope and finerén their psychological
significance. Kreitler and Kreitler say about memnihat to grasp the extent of its
importance, one has to recognize that cognitiveerns not merely a collection of

manipulable items that can be inserted into graniwaaslots resulting from phrase-
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structure analysis, or the application of transf@timonal rules, but an active agent
guiding human thought and affecting emotions arfthbi®rs [Kreitler and Kreitler,
1990, p. 16]. This insight lead them to developrtben theory and system of
meaning (called here KTM for convenience) that nsakpossible to assess meaning

so as to empirically study its effects on cognitamd other psychological traits.

The major assumptions underlying KTM are firstttimeaning is a complex
phenomenon with a multiplicity of aspects, whiclplias that it cannot be wholly
reflected in a measure assessed by a single aspetras actions (in line with the
behaviorist tradition). Second, meaning is essyntammunicable, because most of
the meanings we know have been learned from ougffrothers. Third, meaning can
be expressed or communicated by verbal or diffemrentverbal means. Fourth, there
are two types or varieties of meaning - the genertdrpersonally-shared meaning
and the personal-subjective meaning. And fifth, mn@gis referent-bound, that is,

meaning is always the meaning of something.

These assumptions made it possible to construenaard empirical framework for
the development of the meaning system whose undenbyinciples are the
following: (1) Raw data are transcripts of indivadsi meaning communications in
response to a great variety of verbal and non-Veebarents (i.e. explaining the
meaning of the referent to an imaginary other, @bes not know the meaning of the
referent but can understand the communicationM&gning is composed of both
personal meaning and generally accepted meaninghgsystem of meaning is
expected to be rich and multi-dimensional. Usirgjrtempirical framework Kreitler
and Kreitler collected a large amount of empiritaia from thousands of subjects
differing in age (from 2 to over 80 years), genaaitfural background, mental health,

intelligence, and education.

On the basis of the empirical data and theoreticatiderations, meaning was defined
as a referent-centered pattern of meaning valodkid definition, theeferentis the
carrier of meaning, which can be anything, inclgdenword, an object, a situation, an
event, or even a whole period, wheressaning valueare cognitive contents
assigned (by the ‘meaning processor’ - usuallyradrubeing) to the referent for the
purpose of expressing or communicating its mearktngexample, if the referent is

'table’, responses such as 'made of wood' or staralroom’ or 'l have one' or 'a piece
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of furniture' are four different meaning valueseTeferent and the meaning value
together form aneaning uni{e.g., table - a piece of furniture). It is imgort to note
that in the course of communicating meaning theregit does not necessarily remain
identical to the input stimulus. For example, imeounicating the meaning of the
input ‘table’ someone may shift to communicating theaning of the term ‘furniture’.
When coding the data the referent was identifieddking “What does the subject
communicate about ?” whereas the meaning valuadeasified by asking “What
does the subject communicate about the refereméitlér and Kreitler developed a
meaning system in which meaning units are charaetbin terms of five sets of
classification schemes. Each classification schemnsists of 11 to 22 predetermined
variables. Each meaning value (and recall thafeagrt can be assigned several) can
thus be assigned a point in a five dimensionaleptice following section describes

the five sets of meaning variables.

5.1.1. The Meaning Variables

Analysis of the empirical data made it possibldééine five sets of variables for
characterizing the unit of meaning: R2aning Dimensionst Types of Relatigrl?2
Forms of Relation12 Shifts of Referenand 5Forms of ExpressianThese variables
are described in the following section(for a moe¢aded description see [Kreitler and
Kreitler, 1990, pp. 19-31], for a full list of vailes see Appendix A).

5.1.1.1. Meaning Dimensions

Meaning Dimensions characterize the contents ofrteaning values from the
viewpoint of the specific information communicatgabut the referent. The meaning
dimensions were derived by asking, in regard tcstligect’s response, questions such
as “What does the subject communicate about tieeert?”, “What kind of

information about the referent is stated ?”. Thepsestions provided a tool for
identifying units (i.e. unit = referent (subjectcemmunicated content (predicate))
within the subject’s response and for categoritimggm. Although meaning

dimensions divide content into categories of megtieir conception is not limited to
that of a static classification scheme, as theybsaoonceived also, dynamically, as
thought processes. For example the meaning dime@siotextual Allocation

corresponds to processes of classification andjcaation. Meaning values fall into
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22 categories called meaning dimensions. A pdrstabf meaning dimensions

includes:

Dim 1.contextual allocationThe superordinate system of items or relationstich
the referent belongs or of which it forms part (eay - a means of transportation;

wall - part of a house).

Dim 3. Function, Purpose, or RaleThe uses to which the referent is usually put, o
the usual activity (or activities) that it doestlbat may be done with it (e.gook-

carries informationarmy - defends the independence of a country).

Dim 7.Consequences and resultS€onsequences, results or effects of whatever
nature and order that derive directly or indireétbm referent's existence, occurrence

or operation (e.gnflation - increases poverty).

Dim 1Q Structure The interrelations between the parts or the efesnef the referent;
the placement or position of the elements relabveach other (e.gable- a flat

board on top three or more legs).

Dim 15. Locational QualitiesThe place, address, or domain in which the refere
exists, occurs, lives, operates, is located, caiolred and so on (e.gook- can be

found in a library).

Dim 19. Sensory QualitieFhe sensory qualities that characterize the eefethat is,
those that others perceive in the referent andetfeeent experiences or could
experience. Sensory qualities includsual (e.g.,grass- green)form and shapée.g.
table- usually a rectangular shapaditory sensationge.g.dog- barks), tactile
sensations (e.gilk - smooth)smell and odor, temperature, internal sensafierny.

pain, arousal)mnoisture

Dim 21. Feelings and Emotion$g-eelings, emotions, and moods that the referent
evokes or may evoke in others and those that fbeecrg experiences or could

experience (e.g., Storm - scary).

Dim 22.Cognitive Qualities and Action3he cognitive qualities (e.g. bright, witty,
silly, interesting) and actions (e.g. thinking, embering, imagining) evoked by or

through the referent in others, and those thatacitarize the referent.
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5.1.1.2. Types of Relations

Types of Relations characterize the manner in whialeaning value is related to the

referent. The four types of relations are listekbive

TR 1.Attributive relation the meaning values are related to the refereattljyras
qualities, features, attributes, properties, eyeasons, or other characteristics (e.qg.,

Summer - warm).

TR 2.Comparative relationthe meaning values are related to the referalntactly
through the mediation of another referent, whictyjpscally on the level of generality

or abstractness similar to that of the origina¢reft (e.g., Summer - warmer than
spring).

TR 3.Exemplifying-lllustrative relation the meaning values are related to the

referent as examples (e.g., Country - Zimbabwe).

TR 4.Metaphoric-Symbolic relatianThe meaning values are drawn from domains
that do not belong strictly to the referent’s camie@nal spheres of connotation or
denotation but relate to the referent metaphosictirough the intermediation of
another referent, mostly more concrete or spettiic the original referent (e.g.

happiness like a blue sky).

Modes of meaninglhe four types of relations give rise to a diersof meaning
values into two modesgexical mode communicating interpersonal meaning and
characterized by the attributive and comparatipesyof relations; angersonal mode
- communicating personal or subjective meaningdratacterized by the
exemplifying-illustrative and metaphoric-symboljpés of relations. This distinction
is based on empirical findings that the lexical empdedominates when subjects are
asked to communicate interpersonally shared comr&aitmeaning, whereas the
personal mode predominates when they are askemhtmanicate subjective

meaning.

5.1.1.3. Forms of Relation

Forms of Relatiortharacterize the relation of meaning values teregits from a
logical-formal point of view - how the relation beten the referent and the cognitive

contents is regulated in terms of its validity (jtige or negative), quantification
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(absolute, partial), and form (factual, desirediesirable). A partial list of the forms

of relation is:

FR 1. Assertion or Positive relatioithe meaning value refers positively to the

referent.

FR 2. Negative relation or Denial'he meaning value refers to the referent negative

(e.g. Iraq - is not a democracy).

FR 4. ConjunctionAt least two stated meaning values apply joitdlyhe referent

(e.g. basketball - | like to play and watch)

Fr 5. Disjunction Of two stated meaning values, only one appligbéaeferent, but

not both (e.g. Food is either healthy or tasty).

5.1.1.4. Referent Shifts

Referent Shiftsharacterize the relation between the referentlaagresented input
(the initial stimulus for the meaning assignmerigaiss), or - in a chain of responses
to some input - the relation between the referadtthe previous one. Referent shifts
occur in the course of meaning communication wherstibject assigns meaning
values to a referent that is different from theunypr different from the referent that
the subject was communicating about in the previneaning unit. Referent shifts
indicate the kind and amount of cognitive flexityilor as strategies for extending the
scope of meaning assignment. The whole list ofeateshifts is now presented

because of the importance of this set of meaninighias to our study:
SR 1. Identicalthe actual referent is identical to the inputhes previous referent.

SR 2. Oppositeghe actual referent is the negation, the invassepposite of the
presented or previous referent (e.g., the referast“democracy” and the subject

speaks of “dictatorship”)

SR 3. Partialthe actual referent is part of the presentedevipus referent (e.g.,

when the presented stimulus was "U.S." and theestibgsponded by saying "I love
New York™). Note: It is important, at this point, to emphasize diféerence between
the meaning dimensiddim 2ain which the subject characterizes the refereténms

of its parts (e.g. a car has four wheels) and liife &f referentSR 3in which a part of
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a previous referent serves as sbject thereferent of the current meaning unit (e.g.

wheels used to be made of wood).

SR 4. Modified by adding another meaning vathe actual referent includes the
presented or previous referent and another measing (e.g., when the presented

stimulus was “dog”, and the subject speaks of “aats dogs”).

SR 5. Previous meaning valuke actual referent includes whole or part ofevjus
meaning value (e.g., the subject was speaking of Xerk: “New York is in US”,

then turned to speak of the US: “US is the onlyesppwer in the world”).

SR 6. Associativeéhe actual referent is related to the presentgutavious referent

only by association.

SR 7. Unrelatedthe actual referent is not related to the preskot previous referent

in any obvious way.

SR 8. Grammatical variatiorthe actual referent is a grammatical variatiothef
presented or previous referent. Variations mayliresshifts in terms of parts of
speech across the categories of noun, verb, adeeatilverb, gender, number

(singular, plural), tense, declension and so on.

SR 9. Linguistic labethe actual referent is the presented refereatddeas label.
This can occur when a subject shifts from commuimgaabout the content denoted

by the label to communicating about the charadtesi®f the label itself.

SR 10. Combined previous meaning valuke actual referent is a combination of

several previous meaning values.

SR 11. Superordinate categotlge actual referent is a superordinate categbtiyeo
presented or previous referent. (e.g., the previeiesent was “Jerusalem”, and the

current is “city”).

SR 12. Synonyrthe actual referent is a synonym of the preseotquevious referent

5.1.1.5. Forms of Expression

Forms of Expressiooharacterize the forms of expression of the meanimtg (e.g.,
verbal, denotation, graphic) and its directness (ectual gesture or verbal

description of gesture).
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5.1.2. The Meaning Questionnaire

Themeaning questionnaireas developed for assessing individuals' tendsnoiese
the different meaning variables. The test inclubiestandard stimulig create,

street, life, bicycle, feeling, to take, friendshapt, to murder, ocean, telephgrend
requests the subject to communicate the interpaliyeshared and personal meaning
of these stimuli to someone who understands laregaag means of communication,
but does not know the specific meanings, usingnaegns of expression that seem
adequate. Coding the responses in terms of meaaimples yields the subject's
meaning profilevhich summarizes the frequency with which the sctbjised each of

the meaning variables.

The analysis of the questionnaire consists of thewing steps: dividing the material
into meaning values; coding each meaning valuesbigaing to it five scores, one of
each type of meaning variables (e.g., when theaefaes "Eyes" and the meaning
value "blue”, the coding on meaning dimensionseiss®ry Qualities, on Types of
Relation - exemplifying-illustrative, on Forms o&Rtion - positive, on Referent
Shifts - identical to input, and on Forms of Exsien - verbal); finally computing the
frequencies of the occurrence of each meaninghlaridhe results of the analysis of
the meaning questioner constitute the individual&aning profile. Kreitler and
Kreitler state [Kreitler and Kreitler, 1990, p. 3Bgt students regularly learn to apply

the meaning system to the actual coding of magemeh matter of several hours.

5.1.3. The Relations Between Meaning Variables and Cognite Processes

Previous studies by Kreitler and Kreitler showeat thneaning plays a crucial role in
cognition, in regard to both the processes involed the domains of contents in
which the processes are activated. When individasdggn meaning to a referent, they
apply to the task a certain selection of the megauariables at their disposal. The
meaning variables that an individual uses freqyearflect his or her cognitive
tendencies and style. Studies showed that therg@®d correspondence between the
competence of individuals in cognitive tasks, dmrtpreferred, frequently used,
meaning variables. It is thus possible to charasearognitive tasks in terms of the
meaning variables that were significantly more fiextly used by individuals who
score high on some task-related scale (in reladdhose who don’t). For example an

individual who tends to use Dim1®mcational qualitiedrequently is expected to
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perform well in cognitive tasks involving locatiosiich as solving Poretus mazes;
subjects who use the meaning dimensemporal qualitiedrequently tend to

structure their behavioral plans chronologicallyrenoften than those who use this
dimension infrequently. The variables frequentlgdiby high scorers in a cognitive

task are labeled thmeaning profile of the cognitive task

The relations between the meaning profile of a dogntask and the meaning profile
of an individual are, as many studies have showdirbectional: training individuals
in the frequent use of those variables that carsté task’s profile improves their
performance in this task, while training individsiairectly in a cognitive task
strengthens specific meaning variables involvegariorming it. This practical
implication of using KMT for devising basic traigmprograms was one of the main

reasons for its selection as a cognitive analggikin this study.

As mentioned above, the meaning system has bedrtastudy many types of
cognitive tasks. Three of these studies involveigdhat are related to creative
behavior, and hence are worth describing in sortealdeere. The first was a study of
the cognitive determinants of exploratidine second study tested the effectiveness of
a meaning training program aimed at reducétngctional Fixednessffects (see

chapter 3 for a description of the phenomenon),thadhird dealt with the

psychosemantic foundations of creativity and anasdghinking.

5.1.3.1. Meaning and Exploration

Exploration plays an important role in creativisy@mphasized by Finke [Fink, 1992].
In Finke’sgeneploremodel creative thinking consists ofjanerationstage in which
pre-inventiveformsare elicited, followed by aexplorationstage in which the forms
are organized and meaning is assigned to themtlétrand Kreitler [Kreitler and
Kreitler, 1994] summarizes a study aimed at clargyjthe cognitive determinants of
exploration. Preliminary studies described in tapgy showed that exploration is a
differentiated rather than a homogenous phenomédfiea.types of exploration
processes were identifiegtanipulatory exploratiorffocused on exploring by means
of motor actions)perceptual exploratioffocused on exploring by means of viewing
listening or smelling)conceptual exploratioffocused on exploring by checking

meanings and their interrelations, and by askirgstijans);exploration of the
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complex or ambiguou®&xploring especially the complex aspectsljustive-
compliant exploratior{exploring in line with obvious demand charact&gsof the

situation, and especially when expected or stinedl&d do so).

In the main study reported in [Kreitler and Kreitl&994], the meaning system was
used to identify those meaning variables that playmportant role in each of the five
modes of exploration. The subjects were adminidtdre standard meaning
guestionnaire and a set of tasks especially degidria measure performance in the
five exploration modes. In order to characterizeekploratory modes in terms of
meaning variables, correlations were computed bexivilee subjects’ meaning profile
and their scores on exploratory variables. Theltesfithe study showed that indeed
each exploratory mode was characterized by a diftesubset of the meaning

variables.

Interpretation of the results indicated that sulgi@ath high scores omanipulatory
explorationare concerned especially with how objects func{i@m 5) , what can be
done with them (Dim 4), their weight, quantity, sery qualities (Dim 12, 13, 19 res.)
, but not their cognitive qualities (Dim 22). Thiegus on concrete examples (TR 3a),
dwell on the similarities between referents (TR, 2ad tend to qualify their
statements (TR 1a) . They also tend to shift atierform the given referent to a
combination of the given and other referents (SR IbOcontrast, high scorers on
perceptual exploratiomave meaning assignment tendencies closely raiated
perception such as sensory qualities (Dim 19) tiooal qualities (Dim 15) and size,
material, and structure (Dim 13, 9, 10 res.). Tteeyl to focus on differences between
referents (TR 2b) and stick closely to the presenteferent (with some occasional
associative shifts away, SR 6). High scorersamceptual exploratiotend to focus

on the conceptual classes the referent includes dai), the manner in which it
operates or occurs (Dim 5), its causes and refbiits 7) and other aspects which
indicate tendencies for analytical, logical andsistent thinking (e.g. FR 3, 4 and 5).
They have tolerance for ambiguities and tend tfi loim given to modified referents
(SR 5, 10 and 4). High scorersaafmplexity exploratiomeveal concern with internal
sensations (Dim 19), evaluations (Dim 21), feeliagd emotions (Dim 20). They
tend to avoid concrete examples (Dim TR3 a negl)tamedefine input (SR 8, 6, 4,

and 9). Finally, high scorers @aaljustive-complianexploration tend to pay attention
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to practical aspects of reality such as belongirtiogs (Dim 17 b). They reveal
tendencies for rigidity, low tolerance for ambiguiénd conformity (this is deduced

from the fact that no positive referent shifts wiglentified).

5.1.3.2. Meaning and Functional Fixedness

Functional Fixedness (FF) is a cognitive phenometeirimental to problem solving
that consists in focusing on a specific functioraofobject while overlooking another
function required for the solution. The concept wasoduced by Duncker [Duncker,
,1945]. FF is an important cognitive set that osaara great variety of contexts. In
terms of the system of meaning FF can be descabddcusing on particular meaning

values of the meaning dimensifamction, purpose, or role

Arnon and Kreitler [Arnon and Kreitler, 1984] usegtaning training to broaden the
range of meanings the subject hitherto assigneeféoents in a problem. The
meaning training was designed to promote the asggis of 1dneaning dimensions
and ondype of relationvariables. The meaning dimensions wesatextual
allocation; function, purpose, or role; actions apdtentialities for action; range of
inclusion; sensory qualities; material; weight amdss; locational qualities; domain
of application The type of relation isomparative type of relation-similarityhe
assumption underlying the selection was that e&tiecselected meaning variables
may potentially have a specific contribution toueithg FF. For example, promoting
the use of Dim Zange of inclusionmay compel the problem solver to focus on
different parts of the referent, which may be calith a solution (Note that this
process is very similar to tmefinementprocess of the SIT method described in
chapter 4). Arnon and Kreitler’s findings show thataning training, especially when

focusing on problem sphere referents, is effedtiv@vercoming FF.

5.1.3.3. Meaning and Creativity

In a study reported in [Kreitler and Kreitler, 199the aim was to test meaning
impact on analogical thinking (believed to playileaportant role in creative thinking),
and creativity as manifested by scoring on the Kagad Wallach Creativity Test (see
next section). The results showed that scoringroaralogical thinking test was
significantly correlated with, TR 2, thmeomparative type of relatioand with the

specific meaning dimensions underlying the structfrthe analogy (e.g., in the
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analogy ‘A river is related to a brook as an ocsan...’, the relevant meaning
dimension issizg. The results concerning the creativity test stebitat scoring on
flexibility correlated significantly with TR &xemplifying-illustrativeype of relation;
andscores ororiginality correlated significantly with theetaphoric-symbolitype

of relation. The studies were extended to teseffext of meaning training on
performance in analogical thinking and creativdgttand the results showed positive

effects.

5.2. The creativity test

The creativity test used in our study was Kogan\Afadlach’s version of Guilford's
divergent thinking test (see chapter two for theotly of divergent thinking). The test
is based on both verbal and visual procedure fanidte verbal tasks consist of a
possible usetest in which subjects are requested to suggesy passible uses for a
simple object (e.g. find many possible uses foor&); and gyossible similaritiedest

in which subjects are requested to propose possitigarities between two objects
(e.g. train and tractor). In the visual task thiejscts were requested to propose an
interpretation or meaning for each of various awstvisual patterns and line forms. In
this study the test consisted of eight tasks: tegsfble uses; two possible similarities;
two visual patterns; and two line forms. The tegtse coded on the basis of three out
of the four Guilford divergent thinking factorsuéncy- the total number of
responsesjéxibility - the number of different categories of resporfeas a subject
suggesting possible uses for a brick - build walild a ceiling, and use as weight for
pendulum, would score 3 on fluency and 2 on fldityhias only 2 categories of ideas
were suggestedgriginality: the number of unique ideas suggested by lessihan

percent of the subjects.

5.3. A description of the study

In the current research the cognitive task wasddfas ‘the capacity of an individual
to use SIT to find conditions-satisfying solutidnsengineering problems’. The
subjects were engineering students, in their foyetr, who participated in a one-

semester Inventive Thinking course. All subjectsenssdministered the Meaning
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Questionnaire and the creativity test twice - @ebefore the course and post-test

after the course.

5.3.1. Subjects

Subjects were 57 industrial engineering studerigids, 42 boys, aged 21-28, who
participated in two fully credited academic ‘Invieet Thinking for Engineers’ course.

The subjects voluntarily selected the course.

5.3.2. Method

As mentioned above, the subjects were administheecheaning questionnaire and
the creativity test twice: at the beginning of doeirse (pretest) and at the end of the
course (posttest). At the beginning of the counsy tvere also asked to suggest
creative solutions to two engineering problems gmésd to them. The assessment of
their acquisition and mastery of the SIT method] @reir capability to successfully
use it to find conditions-satisfying (and henceatre, according to Chapter 2)
solutions was based on their final course exananatn this examination they were
asked to solve creatively, by using the SIT metHocgial-life engineering problems
(different problems for each of the two groups)eiftscore was computed on the

basis of the number of suggested conditions-satfolutions.

5.3.3. Procedure

All meaning questionnaires were coded by an expeei@ investigator, and the
subjects’ (pretest and post-test) meaning profilese extracted. On the basis of their
scores in the SIT test the group was divided iwm subgroups: 35 subjects who
scored high on the test (the ‘inventive’ subjects)d 22 subjects who scored low (the
‘non-inventive’). Three different meaning profiladicreativity test scores
comparisons were computed: between the inventiddtanon-inventive based on
their pretest meaning profile and creativity scpbetween the inventive and the non-
inventive based on their post-test meaning pratile creativity scores; and, between
pretest and post-test meaning profiles and créaseores. The meaning variables
that differentiated the groups in each comparisereveomputed through a standard t-

test. Significance level of 95% was regarded astiokl for significant difference.

129



CHAPTER 5: COGNITIVE FOUNDATIONS

5.3.4. Results

Tables 5-1 through 5-3 present the results ofrteaning tests. All variables
appearing in the tables are characterized by édfis@nt level beyond 0.9, entries

with significant levels of 0.95, 0.99 are markgd*® and **' respectively. Table 5-

1 details the differences in meaning assignmentdxst inventive and non-inventive
subjects based on post-training meaning test. @hdts show that inventive subjects
scored significantly higher on total number of €iffnt meaning values; number of
different meaning dimensions; SR 8 - shift to angreatical variation; FE 2 - graphic
form of expression; and number of different S (seypgualities, e.g., vision, smell,
taste etc.) used by the subject. Table 5-2 ddtalslifferences in meaning assignment
between inventive and non-inventive subjects baseithe pre-training meaning test.
In this test (those who were later to be classiéigdinventive problem solvers scored
significantly higher on total number of meaningues; number of different TR (type
of relations); TR 2a - comparative similarity; nuenlof different SR (shifts of
referent); SR 3 - shift to part of referent; SRhit to a modified (by adding a
meaning value) referent; SR 9 - shift to a linguaidbel of the referent; SR 11 - shift
to a higher level referent. In contrast to thesailts Inventive problem solvers scored
significantly lower on Dim 10 - structure. Table35etails the results of the
differences between pre-training and post traisimgwing that training increased
significantly the use of Dim 22a - cognitive quiakst evoked by the referent; TR 1 (a +
b) - attributive type of relation (a - qualitiesdobstance, b - actions to agent); and the
use of general, lexical meaning. On the other hemding decreased the use of TR 3 -
exemplifying illustrative type of relation (3a -@xplifying instance, 3b -

exemplifying situation, 3c - exemplifying scenejldhe use of personal meaning.
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Table 5-1.Significant differences between inventive and noventive problem

solvers, based on post-training meaing profile

Inventive Non-inventive t-test
(n=35) (n=22) (df=55)
Mean StD Mean StD
No. of meaning values 165.971 57.030 123.636 10 2.78**
SR8 .022 .020 .012 .016 02.1
No. of different SR 6.886 1.510 6.045 2.035 1.79
Dim8b .099 .026 111 027 .69
No. of different Dim 23.857 1.700 22.727 2.453 2.05*
No. of different Dimm 19.114 .993 18.500 1.406 1.93
TR2c .028 .015 .035 016  711.
FR5 .031 .023 .042 .022 31.7
FE2 .058 .077 .026 .046 12.0
FE10 .000 .000 .001 .003  831.
No. of different S 3.514 1.721 2.545 1.101 2.59*

*p<.05%p< .01

Table 5-2.Significant differences between inventive and noventive problem

solvers post-training, based on their pre-traimmganing profile

Inventive Non-inventive t-test
(n=34) (n=22) (df=54)
Mean StD Mean StD

No. of meaning values 173.529 73.890 138.000 .5Zb 1.93
No. of different SR 7.029 1.586 5.591 1.869 3.09**
No. of different TR 7.941 .952 6.909 123  3.53**
SR3 .016 .022 .006 .009 2.38*
SR4 .023 .022 .006 .008 4,08****
SR9 .031 .023 .014 .020 2.83*
SR10 .185 .042 211 .047 2.10*
SR11 .003 .008 .001 .001 2.13*
Dim10 011 .009 .018 .015 2.09*
Dim12 .001 .001 .002 .003 1.91
Dim13 .015 .011 .007 .010 2.55%
Dim19b .001 .002 .003 .006 1.92
Dim21la .033 .020 .023 .019 1.88
TR2a .007 .006 .002 .005 2.95*
TR2c .027 .013 .034 .016 1.72
TR2d .018 .014 .012 .013 1.68
FR7 .001 .002 .000 .000 1.77
S3 .093 151 .187 .220 1.88
S8 .023 .052 .000 .000 2.54*
S10 .239 .238 118 .153 2.09*
*p<.05%*p<.01 % p <.001 % p <.0001
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Table 5-3.Significant differences between problem solvers prel post-training

Variable Pre Post t-test
(n=33) (n=33) (df=32)
Mean StD Mean StD
SR3 .017 .022 .011 .015 61.7
SR9 .032 .023 .024 .022 81.7
Dim7 .015 .012 .011 .009 9.
Dim22a .009 .010 .014 .009 2.87*
TR1la .651 .067 .673 .060 741.
TR1 (a+b) 797 .063 .831 430  3.38*
TR2b .036 .016 .043 .016  881.
TR3a .089 .046 .061 037 01w
TR3b .010 .016 .004 .007 522.
TR3 (at+b+c) .099 .055 .064 .040 4 1 5rxk*
No. of different TR 7.909 .947 7.454 1.175 2.09*
General meaning .886 .059 .922 .043 4.10%**
Personal meaning 114 .058 .078 .043 4,09 *
FR5 .041 .029 .031 .023 92.1
S2 .067 .096 .029 .066 86

*p<.05  **p<.0l **p<.001 ***p<.0001

The next three tables, 5-4 through 5-6, presend#t@ of the creativity test. Table 5-4
details the differences in creativity scores betwdsventive and non-Inventive
subjects based on pre-training creativity testsravs no significant differences
(Inventive subjects scored higher on fluency alnsagtificantly). Table 5-5 details
the differences creativity scores between Invenéind non-Inventive subjects based
on post-training creativity test showing that Intre@ problem solvers scored
significantly higher on flexibility and almost sidicantly higher on fluency. Table 5-6
details the results of the differences betweentaieing and post training showing
that training decreased originality significantlable 5-7 summarizes all significant

results of all tests (including meaning and cregfiv

Table 5-4.Significant differences between inventive and noventive problem

solvers, based on creativity test pre-training

Variable Inventive Non-inventive t-test
(n=18) (n=17) (df=33)
Mean StD Mean StD
Fluency 6.069 1.784 5.073 1.665 1.70
Flexibility 5.072 1.395 4.426 1.446 1.34
Originality 2.256 1.448 1.676 .963 1.38
"p =.098
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solvers post-training, based on Creativity Test+@sning

Variable Inventive Non-inventive t-test
(n=20) (n=17) (df=35)
Mean StD Mean StD
Fluency 5.950 2.315 4,757 1.401 1.85
Flexibility 4.900 1.664 3.926 .803 2.32*
Originality 1.544 1.197 1.294 .733 .75
"p=.072 *p<.05

Table 5-6.Differences between Problem Solvers Pre- and P@shifig on Creativity

Test

Variable

Pre

(n=36)

Post
(n=36)

t-test
(df=35)

Mean

StD

Mean

StD

5.576
4.758
1.972

Fluency
Flexibility
Originality

1.750
1.416
1.236

5.458
4.490
1.451

2.058 .36
1.440
1.018

1.17
3.14**

**p<.01 **p<.001

Table 5-7.Summary of all (0.05) significant results

variable

Posttest Vs.
Pretest

inventive vs.
non-inventive
(based on
pretest)

inventive vs.
non-inventive
(based on
posttest)

No. of meaning values

T#

IR

No. of different dim(dimensions)

1

No. of different S(sensory qualitie

1

Dim 10 Structure

Dim 13 Size and Dimension

Dim22a Cognitive Qualities

No. of different Types of Relationg.

TR1a Qualities to substance

TR1(a+b) b - Actions to agent

il

TR2a Comparative - Similarity

Tt

TR3a Exemplifying instance

1

TR3b Exemplifying Situation

1

TR3(a+b+c) c - Ex. Scene

General meaning

Tt

Personal meaning

11l

No. of different Shits of Referent

[

T#

SR3 Partial

SR4 Modified

Tt

SR8 Grammatical Variation

SR9 Linguistic Label

il

SR10 Combined meaning values

Fluency - number of responses

133




CHAPTER 5: COGNITIVE FOUNDATIONS

Flexibility - number of categories 1

Originality - n. of uncommon res. 1

t# p<0.1p p<0.0511t p<0.01711t p<0.001,1111 p<0.0001, arrows pointing upward
represent inventive subjects (or posttest) scaigdificantly higher than non-inventive (or prejest

arrows in opposite direction represent the opposite

5.4. Analysis of the results

The differences between inventive and non-invergidgects, in terms of meaning
variables and creativity scores, based on thetepr@nd post-test meaning profiles,
point at the cognitive processes underlying efiecéicquisition and mastery of the
SIT method. Since SIT is a procedure supportingsdach for conditions-satisfying,
and hence creative, solutions, the identified dbgmprocesses are expected to teach
us about creative processes in general. The difesebetween pretest and post-test

results show SIT’s training effect on cognition.

The results of all three meaning tests summarizédible 5-7 show three distinct
clusters of differences, in line with the differesetts of meaning variables, between
inventive and non inventive problem solvers, anvben pre-training and post-
training: the first, in the set @eaning dimensiongcludes total number of meaning
values, total number of meaning dimensions anctipecific meaning dimensions
(Dim 10 - structure (neg.), Dim 13 - size and disien, Dim 22a - cognitive
qualities); the second set, ttype of relationset, includes the total number of
different types of relations, TR 1 - the attribetitype of relations (TR 1a - qualities to
substance, TR 1b actions to agent), TR 2a - theaaative type of relation that
focuses on similarity, and TR 3 - exemplifyingsgtrative type of relation (TR 3a -
exemplifying instance (neg.), TR 3b situation (hegR 3c exemplifying scene
(neg.)), and finally the results in this set shoaréase in general meaning and
decrease in personal meaning; the last sesglttieof referenset, includes the total
number of different referent shifts and SR 3 -tdiaifa part of the referent, SR 4 - shift
to a modified referent, SR 8 - shift to grammatigaiiation, and SR 9 - shift to a
linguistic label. In what follows these three seftsneaning variables, representing
three distinct types of cognitive processes, welldmalyzed separately followed by an
analysis of the creativity test results. The disaus will focus on relating the results

to the theory of the sufficient conditions and 8i1& method.
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5.4.1. Meaning Dimensions

Post-training result§Table 5-1) show that inventive problem solversite assign
moremeaning dimensiort® the input and use moneeaning values their meaning
assignment. Using more meaning dimensions repiesanndividual’s mastery of
more content categories and his or her flexibilitgwitching attention between them.
The number of meaning values represents the prodddver’s fluency in assigning
meaning and is dependent, of course, also on tmdauof meaning dimensions at
his or her disposal. The ability to view the infraim a larger spectrum of meaning
variables and meaning values forms the basis gbithielem solver’s ability to focus
on more diverse aspects of closed world objecte@fidd ways of using them in the
solution. In other words, the closed world conditemmpels the problem solver to
extend the search space by playing with differeeammngs of the same set of objects,
rather than by extending the set of objects. Farmg®e, a common SIT task is to
find a closed world object to carry out an opera{imainly in the Unification and
Multiplication operators). The appropriatenessrobaject for carrying out an
operation can be due to only a few of its possisaning dimensions, and a subject
overlooking these dimensions would fail to usedhpct. Another aspect of
inventive problem solvers’ tendency to use moremmgavalues is that their thinking
is more fluenthelping them exhaust the different routes offerg& i in a problem
solving session. Another result, in line with thmae results, is the inventive problem
solvers’ utilization of a more diverse set of diffiet sensory qualities (No. of different
S) in their meaning assignment, showing, againt #i®lity to view the referent using

a wide spectrum of information channels.

Pre-training resultsalso show that inventive problem solvers tends® more

meaning values (but less significantly), but nagigant differences in meaning
dimensions were found. These results can be exgudg the SIT training effect of
increasing inventive problem solvers’ flexibility using diverse meaning dimensions.
In other words, those who started SIT training pped with a potential to become
inventive problem solvers benefited more in teriigsopsychological side effect of
increasing their thinking flexibility. A very intesting, yet explainable, result is
inventive problem solvers reduced focusstructureof referents (Dim 10). Inventive

problem solving, especially that invoked by Slfiéstructuring strategy, involves
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breaking up a structure by reorganizing its eles€BtT’s Division technique), or
removing an element (SIT's Object Removal technjgAeroblem solver who tends
to focus on structure of referents is expectedthitcktmore rigidly and be less prone to
modify or even break this structure. It is inteirggto note that in the post-training
test this result was not duplicated. We suspetthimeans that SIT training
decreased the use of structure among those whioahgtended to use this
dimension more frequently, namely the non-invenpx@blem solvers. Comparing the
meaning profiles pre- and post-training of the morentive group revealed that,

indeed, their use of structure in meaning assigmmecreased significantly.

Pre Vs. Post trainingesults show that the only significant effect ¢f 8aining
(affecting all subjects) in using meaning dimensiwaras the increased use of Dim 22a
- cognitive qualities evoked by the referent. Tieisult can be explained by the effect

of SIT training stimulating meta-cognitive contaflthe thinking process.

5.4.2. Types of Relations

Pre-training resultsshow that inventive problem solvers tend to beamtiverse in
their selection of types of relations, a fact iradieg their more flexible meaning
assignment mechanism. Inventive problem solverstalsd to use more frequently
TR 2a - the type of relation focusing on similarityis fact can be explained by the
fact that ‘similarity analysis’ is necessary fanding solutions constrained by the
Closed World condition. This allows to extend tmelppem’s framework only by the

addition of objects that are similar, but not neeesy identical, to existing objects.

Pre Vs. Post trainingesults show the most notable differences in tbguency of the
use of types of relations. Training increased e af TR 1 - attributive type of
relation and decreased TR 3 - the exemplifyingstiative type of relation. More
generally, SIT training increased the frequenctheflexical, interpersonal mode at
the expense of the personal mode. This result reaubk to the fact that training
involved learning a general, highly constrainedcpoure that does not favor the use

of personal knowledge and associations.

5.4.3. Referent Shifts

Pre-training resultsshow that inventive problem solvers tend to switaire

frequently from the given referent to another anggct that can be attributed, again,
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to their more flexible, less conforming thinkingid plausible that the inventive
problem solvers use their aptitude to shift frone oeferent to another in order to
manipulate the input information so as to reforrteufaroblem definition. The specific
referent shifts that were found to be significanthis test- SR 3 (shift to part of
referent); SR 4 (shift to a modified referent) @&l 8 (shift to a grammatical
variation of the referent); as well as SR 9 (lirsgigi label), significant in the post
training test- are characterized by their intermediate distarm® the input. The
following shifts of referent - SR 1 (identical), SR Previous meaning value), SR10
(combined previous meaning values), and SR 12 (gynp- are semantically close to
the given referent because the subject does natlsta a meaning variable that was
not mentioned previously. In contrast, SR 6 (asdo@) and SR 7 (unrelated) are
semantically distanced from the given referentesith@re is no definite link between
the modified and the given referents. This resultat the significant shifts of referent
are the intermediate onegs completely in line with the framework of theffszient
conditions which encourages making qualitative gearin the behavior of a system,
while limiting the changes that can be made tpligsical structure. Small changes in
the system'’s structure fail to bring about a gaéire change in its behavior, whereas
large changes violate the closed world conditidre €ognitive qualities required for
an effective acquisition and use of the SIT methi@those that support the flexibility
to modify the referent as much as possible to xtent that does not go beyond its

‘semantic closed world’.

A closer look at the specific referent shifts tblaaracterize the difference between
inventive and non-inventive problem solvers revaalsnteresting correspondence to
the underlying processes of the SIT method. SRi# (e a part of the referent) can
be seen as related to the Division technique ruestring an object by focusing on its
parts and rearranging them; SR 8 (grammatical tvianipis related to the
Multiplication technique - using another instané@i existing object, as one form of
grammatical variation, among others, is to shif gural instead of singular form;
SR 9 (shift linguistic label) is related to theldpiof the problem solver to shift
attention between the meaning of a referentf{ihetionof an object in engineering
systems) and its label (the form of an object) Whr@ay in turn help to access new

aspects of the referent (new uses for the formis ahility is important in applying
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the Unification technique, that requires the apiitt shift focus from the function of
an object (be it currently useful, neutral, or huinto its form, and utilize previously
overlooked aspects (meaning dimensions or mearahgs) of that form to carry out

a new, needed function.

Post-training resultshow that the differences between inventive andineentive
subjects in terms of referent shifts have disapzkadn the other hand the referent
shift to a grammatical variation which was not #igant in the pretest became
significant. A closer look at the results revealsttthe total number of referent shifts
is still a factor, though the significance levetésluced to 90%. These results show
that the effect of SIT training is to reduce tliffetlences between the inventive and
the non inventive subjects in their capability eing referent shifts. Still those who
came to the course equipped with the competenclesely modify the referent did

better than those who acquired it during the course

5.4.4. Creativity Study

Pre-training resultsshow that inventive problem solvers score highefiwency
(almost significantly) and on flexibility, but dahscore higher on originality. These
results are in accord with the meaning study’slteshat inventive problem solvers
tend to assign more meaning values (fluency) anetmMm@zaning dimensions
(flexibility). Also Post-training resultshow that inventive problem solvers are more
fluent (almost significantly), but not significaptinore flexible and originaPre Vs.
Post trainingresults show a seemingly counter intuitive res@lT-training does not
affect fluency and flexibility but reduces origirtgl This result is, however, in accord
with the previous finding, in the meaning test,dlwng the decrease in using
personal modes and increase in the use of geméegbersonal lexical mode, and can

be explained accordingly.

5.5. Summary and conclusions

Using Kreitler and Kreitler's meaning system andgkin and Wallach's creativity test,
some of the cognitive processes underlying thalegrand application of the SIT
method were identified. The results show that itiverproblem solvers are more

flexible and fluent thinkers: they have at thesmbsal a more diverse set of meaning
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dimensions; they ‘communicate’ with the referembtigh a wider spectrum of
sensory qualities; they do not fixate on the gikeferent, but rather tend to modify it
in a way that is neither very close to the giveenent (and therefore not interesting),
nor too distanced from it (so as to traverse thendaries of its semantic closed
world); they pay less attention to the structuréhefreferent so as to be in a better
position for thinking about restructuring it; filhglthey score higher on fluency and
flexibility in the creativity test. SIT training deeases problem solvers’ reliance on
personal experience and associations, while inicrgadiseir use of interpersonal
common knowledge and procedures. Training alsdaeias meta-cognitive control

processes.

The results of both the meaning study and theigrgaestudy are interestingly related
to some of the theories of creativity mentione€hapter 4. The theory of divergent
thinking ascompetencérather than agerformancgis supported by the finding that
on the one hand inventive problem solvers’ ideaisomore fluent and flexible, but on
the other hand SIT training, while significantlgreasing actual performance in
creative problem-solving, did not increase idealdluency and flexibility. On the
basis of these results it is possible to suggsstwion to the divergent thinking
paradox: the fact that the theory of divergentkirnig has been widely accepted (and
even equated with creativity), and yet, divergémking tests fail to reliably correlate
with real life creativity. Divergent thinking mayekan important low level skill
underlying creative thinking, but one that is silantil it is invoked by a higher level
strategy such as the SIT method. Another explamatiay be that divergent-thinking
skill is useless when not operated within an appatgly constrained framework such
as the one formed by applying the sufficient cdodg to a specific situation. The
Gestalt view of creativity breaking one Gestalt in favor of anotheis related to the
finding that inventive problem solvers tend to jess attention to structure rendering
them more prone to breaking the structure and asizgng the parts, as often required
under the constraints of the closed world conditMeaning dimensions, especially
those initially hidden from the problem solver, dsnviewed as representative of
Hofstadter’s knobs. Following this analogy, ‘vaigat on a theme’, is achieved by
inserting different meaning values to a ‘slot’ ¢ezhby a particular meaning

dimension. Similarly, inventive problem solvers'der spectrum of meaning
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dimensions can be viewed as the underlying mectmefus expanding the search-
space in line with Boden’s model of creativity. T$pecific role of shifts of referents
in the meaning profile of engineering creativitynsaccord with Duncker’s view that
the capacity to reformulate the given input ismpartant factor in establishing a
creative solution. The fact that SIT training iresed the lexical-interpersonal mode
of meaning at the expense of the personal modie centrast to the view that private
personal factors underlie creative processes,amsldoes not support the theories

such as Mednick’s that emphasize the associatitvgenaf creative thinking.

Regarding some of the big questions concerningitiserstanding of creativity the
results support the view that creativity is a gaheompetence across different
domains. Domains are supposed to be charactenzadpecific pattern of meaning
dimensions, but in this study, although dealing@sigely with the engineering
domain, no particular meaning dimensions were itledtas contributing to creative
performance (except for structure and cognitivdijea that are relevant to any
domain). Another issue that the results of theystndy relate to is the question
whether creative thinking is a unique process € hy the Gestalt school for
example) or ‘nothing special’ (as strongly claimdWeisberg). We believe that the
unique pattern of meaning variables that were fdonzharacterize engineering

creativity support the ‘uniqueness’ view of creayiv

The results of the study also add another dimertsidine proof of the validity of the
sufficient conditions as a framework for creativgi@eering solutions. The theory of
the sufficient conditions is supported by the theit subjects who succeeded in
finding conditions-satisfying solutions were chaeaized by creativity-related traits.
As mentioned before, these subjects scored high#éexibility and fluency in the
creativity test, used more meaning dimensions afetent shifts and paid less

attention to structure.

Practically, and maybe most importantly, the resaftthis study suggest an approach
for the design of basic training for preparing adividual for SIT learning. Although
beyond the scope of this research, it is obvioasttiaining should include (among
others) the following elements: aquatinting sulgewxith all 22 meaning dimensions,
and exercising them in communicating the meanfrdjwerse, and preferably task

specific, referents using as many meaning dimessagrpossible (and as many
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meaning values as possible for each meaning dim@ndraining in the ability to
shift between referents in line with the findingsgd training in breaking structures of
specific referents (e.g., “describe the structdr@ common table and find new uses

for a table in which the structure is modified”).
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CONCLUSIONS AND
SUGGESTIONS FOR FURTHER
RESEARCH

Chapter six

This summary chapter presents the main ideas ®thbsis and suggests topics for
further research. Section 6.1 summarizes the sestitiur study of the sufficient
conditions for engineering solutions, the SIT melttheind the meaning profile of SIT.
Section 6.2 reviews some of the theories of cragtimentioned in Chapter 2 and ties
them to the theories, methods, and empirical residlthis work; Section 6.3 suggests

topics for further research. Section 6.4 conclutiesthesis.

6.1. Product, process, and person

As mentioned in the introductiomproduct personandprocessare the primary,
commonly accepted approaches for the study ofigiyan general, and the study of
engineering creativity in particular. The main cteap of this thesis (chapters 3, 4, and

5) reflect these approaches.

Chapter 3 studied the unique characteristics @tiore engineeringroducts,as
opposedo conventional or routine oneghe resultsook the form of two jointly-
sufficient conditions that characterize a largec$etreative engineering solutions that
fall into the category of ‘inventions within a pdrgm’. The first condition - the
Closed World condition - constrains the solutiomtd incorporating newypesof
object that were absent from the initial enginegsystem and its neighborhood. The
second condition - Qualitative Change - requines the solution incorporate a
gualitative change in at least a singdation (between an undesired effect, and an
attribute that currently increases the severitthefundesired effect) that characterizes
the problem. “Qualitative” means here that atretachanges its trend from a direct-
relation to either no-relation or inverse-relati®etting problem-solving goal in terms

of relations rather than absolute values requirg®nthanges in the behavior of the
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system. This, in conjunction with the constraindsqd by the Closed World
condition, creates a problem-solving task solvallly by creative operators. The
joint sufficiency of the Closed World condition atige Qualitative Change condition
was established empirically: ratings on a 1-7 ovéstscale of more than 100
engineering solutions by 200 engineers fit veryl wed sufficient conditions

framework.

Chapter 4 dealt with the creative engineerprgcess It developed SIT, a step-by-
step, systematic strategy that supports the séarcheative engineering solutions
satisfying the sufficient conditions. The methoth@sed on five operators:
Unification, Multiplication, Division, Breaking Symetry, and Object Removal.
Common to all these operators, called idea-prowphkiperators, is that applying them
to a given problem’s world does not involve addmayv types of objects and thus the

Closed World condition is satisfied.

The five idea-provoking operators are divided itwio main strategies that reflect two
different cognitive approaches to problem-solvimgthe first, theextensiorstrategy,

a top-down process is applied in which the probsetwer first determinewhatto do
and therhowto do it. With the second approach, thsetructuringstrategy, a bottom-
up, function-follows-form process is applied in winithe system is first restructured
(by modifying the interrelations among its partsatributes) followed by an attempt
to assign meaning to the new structure. In theuesliring strategy, thieow precedes

thewhat.

In its initial stages SIT guides the problem solveanalyzing the problem’s world: to
prepare a list of system and neighborhood objéztdetermine the functional
relations among system objects; and to identifyptfudlem characteristic relations.
Empirical pre-training and post-training studiesnd@strated that, indeed, the rate of
conditions-satisfying solutions increased dradigdarough SIT training and

application.

Chapter 5 dealt with the creatiperson It studied the cognitive mechanisms that
differentiate inventive problem solvers (those gsstul in using SIT for creative
problem solving) from non-inventive ones, as wsltlae change in cognitive
processes induced by SIT training. Research tamls as the Kreitler and Kreitler

meaning system and the Wallach and Kogan createdt were used. The results
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indicate that successful SIT users tend to scgrafgiantly higher on ideational
flexibility. They use more meaning dimensions ahift snore often from current
referent in their meaning assignment process; @éheyess committed to current
referent’s structure (the interrelations amongégs); and they score higher on
flexibility in the creativity test. The significarmf these results is twofold: first, they
point to the way in which pre-SIT training can laereed out; and second, they
reconfirm the relation between the sufficient ctiodis and creativity. Ideational
flexibility (one of the factors of divergent thimig) has long been associated with
creative processes and, as the empirical studgates, it is also the cognitive ability

required for finding solutions that satisfy thefsént conditions.

6.2. Theories of creativity revisited

Chapter 2 described 15 theories of creativity aedgineering design theories of
creativity. References to these theories, thahten to the theories and methods
developed in this work were made throughout thesith It would be, however,
worthwhile at this point to review all the relevaatations between the results of this
work and the terms it uses and the ideas exprdgsether investigators and the terms

they use. Table 6-1 summarizes these relations.

Table 6-1 Summary of the relations between other theodestepts and the

concepts of this work

Investigator | Main Related Explanation
concepts concepts in
this work
De Bono Provocation | QC condition QC condition gates a
provocative problem-statement
Altshuller Overcoming | QC condition| A state of conflict is a private cade
conflicts the QC condition. If the independert

variable in a problem-characteristic
is related to the system’s functioning,
it reflects a conflict between
improving functioning and increasir|g
undesired effects.

144



CHAPTER 6: CONCLUSIONS

14

of

U

lal

Num Suh IndependengeQC condition | Independent Axiom is similar to QC
Axiom condition in its requirement to make
design parameters independent of
each other.
Wazlawick | Second order] QC condition| QC condition inhibits more-of-the-
Change change same solutions (which are given as
counter-examples for second order
changes by the authors)

Guilford flexibility strategies, Flexibility is the ability to switch
techniques, | between SIT’s strategies and
objects, operators.
meaning Flexibility is the ability to switch
dimensions, between objects (in the framework
ref_erent the same technique).
shifts,
decreased Flexibility is the ability to switch
focus on between meaning dimensions (in the
structure framework of the same object).

Flexibility is the ability to shift from
current object (the current referent)
to its parts, to a linguistic label of the
object, to grammatical variation, or
to a modified object.

Flexibility is the ability to change th
structure of an object.

Guilford fluency object, Fluency is the ability to refer to an
meaning object from the viewpoint of many
dimension meaning valuewithin the

framework of same meaning
dimension.

Hofstadter variations on the Closed | Here theme = problem’s world. The

a theme World Closed World condition allows only
condition variations on problem’s world.

Hofstadter knobs meaning A new knob is like viewing a conce
dimensions | from the viewpoint of new meaning

dimensions

Duncker functional Closed World| The Closed World condition compdls

fixedness condition, the problem solver to assign unusu
Unification uses to existing objects.
technique Unification technique is SIT’s tool
for overcoming functional fixednesg.

Gestalt Restructuring| restructuring The restructuring strategy helps

school strategy problem solvers break current

structures and reorganize them
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Finke Function restructuring | SIT’s restructuring strategy guides
follows form | strategy the problem-solver to first change
form, and than assign function to tH
new form.
Boden Search spaceg Sufficient The Sufficient Conditions compels
expansion Conditions | the problem solver to search for the
solution in hitherto overlooked
portions of the search-space.
Schank the Sufficient The framework of the Sufficient
importance ofl conditions conditions create a task for which
failure initial attempts to solve are likely to
fail
Boden heuristic: Multiplicatio | Multiplication draws problem-
changing the | n solver’s attention to the possibility ¢
value of increasing the number of objects of
numerals in the same type.
problem
space
Lenat heuristic SIT’s five techniques can be viewe
search and as heuristics.
creativity
Koestler Bisociation Unification The Unificatigomocedure results in
connecting two previously
unconnected elements: an object and
an operation
Perkins Isolation Sufficient The sufficient conditions create a
problem, conditions framework that directs the problem
Oasis solver towards isolated areas of
problem problem-space and away from the
(tempting) oasis.
Ulrich function Unification, | When an object is removed from th
sharing Object system, another object may share irs
removal function.
Cagan and | Design space| Breaking Breaking Symmetry connects two
Agogino expansion Symmetry previously unconnected variables
through (say Z and W) resulting in the
introducing formation of a new variable (dZ/dW
new variables
Wallas Preparation | SIT's Forming a list of system and
(that begins | preparation | neighborhood objects. Constructing
with failure) | stage the Functional Structure and
Determining problem characteristic
relations are SIT’s preparation stage.
The result is a problem definition
based on the sufficient conditions
that inhibits routine ideas.
Wallas Incubation Search

through SIT’s
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strategies and
techniques

Wallas lllumination | Hitting upon
a successful
technique

Wallas Elaboration The
schematic
solution

Several theories mentioned in Chaptertke creative use @nalogies Weisberg's
‘nothing special’approach, desigimom first principles andcased based design are
not presented in table 6-1 for reasons explain&mibé\nalogies are not represented
because SIT does not make use of analogies, ahHsiIgs five idea-provoking
techniques can be viewed as ‘ready-made abstrapidées’ drawn from many
analogical sources. A SIT user is thus free froenrteed to identify a source analogy
and to extract an abstract template for mappimgathis target domain. He or she is
only responsible for the last stage of analogicialking: applying an abstract template
(one of SIT’s five techniques) to the problem amdh. Weisberg’s view, that
creativity is just a form of routine problem solgins not supported by the results of
this work which found that inventive problem solvesire characterized by unique
cognitive qualities that are in line with the thgof divergent thinking. The theory of
case-based design is actually an implementatioanailogical thinking to design and
it is absent from Table 6-1 for the same reasoaisahalogical thinking is. The theory
of design from first-principles deals mainly witesign-from-scratch, while the theory

presented in this work deals with design probleiisg.

Chapter 2 ended with the following paragraph thiggested the possibility of
selecting and integrating different theories oftinaty in order to arrive at a concrete

set of instructions for directing problem solvitagvards creative solutions.
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Set the problem solving goal agercoming a contradictioar second order
change but confine your search-spaceveiriations on a current theneather
than abandoning current theme and moving to anaothe). This may lead you
to a temporary state dilure which is a good starting point for the creative
process. Draw on youtivergent thinkingability and skill, mainlyfluencyand
flexibility, to expand the search-spadge aware of the possibility that the
solution lies in ansolatedarea of the search space due to functional and
structuralfixednessUse heuristics such asversa) dropping constraints

function-sharing andchanging the value of a numeral

Using this work’s terms and concepts, this pardgiam be translated into the
following set of instructions showing the closerespondence between our theory

and (an integration of many) previous ones:

Set the problem solving goal gsalitatively changing at least one problem-
characteristic unitbut confine your search-spacehe current Closed World
This may lead you to a temporary statéaiiure which is a good starting point
for the creative process. Expld®&T’s strategies and techniques: Unification,
Multiplication, Division, Breaking Symmetry, and j@toRemovalfocus on
different objectsand try to view each from the viewpoint different meaning

dimensions.

6.3. Suggestions for further research

6.3.1. Non-Closed-World Creative Engineering Design

The framework of the sufficient conditions charaizies a large set of creative
engineering solutions but not all. Creative engimgesolutions exist in which new
types of objects are added to the system. Morarelsés needed for characterizing
such solutions. One hypothesis may be that inigeeablutions, when incorporating
non-closed world objects, the new object formsexih type ofinteraction- yet to be

discovered - with the given system.

Another type of engineering problem for which thenfiework of the sufficient
conditions is currently not inapplicable is desfgmm-scratch problems in which the

problem’s world is simply not yet defined. Greatentions such as the telephone, the
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laser, the light bulb fall into this category. Adtiigh we believe such inventions stem
from different creative mechanismslependent on the development of basic
technologies, chance, spirit, and large-scale ktreiads— it would be interesting to

look for common patterns for these types of engingeproblems as well.

6.3.2. Computerization

An important aspect regarding the tools and metlieseloped to support
engineering thinking is their amenability to comgnization. Computer programs have
become the engineer’s apprentice in many areassifil and thus engineers expect
methods such as SIT to be coded into computer anogrCapturing SIT in a
computer program that would support collaborativgimeering problem solving is a

promising future research area.

6.3.3. Pre-SIT Training

SIT is a high-level thinking strategy. As such,@ssful acquisition and application
of SIT draws on lower level cognitive processes alitities as demonstrated in
Chapter 5. The identification of the meaning vdealihat differentiate a good SIT
practitioner from a not-so-good one point to thgrative training processes that are
expected to enhance inventive problem solving thindsIT. A future research topic

will incorporate the design and empirical testiiguach a training program.

6.3.4. Motivational Aspects of Engineering Creativity

A subject’s cognitive abilities (expressed by hiier meaning profile) as well as
motivation, are the main factors in predicting tider success in performing a
cognitive task. Kreitler and Kreitler's theory @bgnitive Orientatior(Kreitler and
Kreitler, 1976) and its operational measuring ttioé CO test, can be used to analyze
subjects’ motivational factors in relation to a niiye task. A combined CO and
Meaning test can, as demonstrated in past stuglipply a very good tool for
predicting a subject’s success in a cognitive tAskinteresting future research topic
is the application of the CO test to predict susd¢esSIT use. The results of such a
study will also have practical implications sinbey will point to the way in which

subjects can be motivated to learn SIT and apptytiteir engineering work.
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6.3.5. New Domains

Most of the presented examples dealt with problehasphysical nature. A future
research topic may be the extension of the th&ooyher fields, such as management,
business strategic planning, marketing, advertjsang new product development.
The main difficulty in applying the framework ofelsufficient conditions to these

new domains will be the formulation of the ClosedM condition. The challenge

will be to replace the notion of physical objeetich currently constitute the core of

the closed world, to other, more abstract construct

6.4. Concluding remarks

Only 50 years ago, the prevailing view was that &ororeativity, by its own nature, is
not amenable to scientific study. Since then, ihgators of creativity, from various
domains, such as psychology, artificial intelligerand engineering have worked to
show that this view is wrong. This work joins thalective efforts to prove that
creativity is a legitimate subject of scientificidy. This does not mean that
investigators of creativity should not develop thevn specialized scientific tools.
Our choice of formulatingufficient conditionsrather than (the mathematically
stronger)necessary conditiongs an example of a research method that is motedsu
to the study of creativity. Whether necessary coma for creative products will ever
be found remains an open question. We suspedit thaht be impossible to capture

the phenomenon of human creativity through necgssarditions.

It is hoped that this work, and possibly other vgottkat deal with engineering
creativity, will pave the way for incorporating engering creativity training in the
curriculum of engineering studies. This may helprén better, more creative, and

more productive engineers.
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Appendix A - The Meaning System

Meaning Value

I. MEANING DIMENSIONS (Dim)
1. Contextual allocation
2. Range of inclusion
2a. Subclasses of referent
2b. Parts of referent
3. Function, purpose and role
4. Actions & potentialities for action
4a. By referent
4b. Tolwith referent
5. Manner of occurrence or operation
6. Causes and antecedents
7. Consequences and results
8. Domain of application
8a. Referent as subject
8b. Referent as object
9. Material
10. Structure
11. State & possible changes in state
12. Weight and mass
13. Size and dimensionality
14. Quantity and number
15. Locational qualities
16. Temporal qualities
17. Possessions & Belongingness
17a. of referent
17b. by referent
18. Development
19. Sensory Qualities
19a. Of referent
19b. By referent
20. Feelings & emotions
20a. Evoked by referent
20b. Felt by referent
21. Judgments and evaluations
21a. About referent
21b. By referent
22. Cognitive qualities
22a. Evoked by referent
22b. Of referent

Il. TYPES OF RELATION(TR)
1. Attributive
la. Qualities to substance
1b. Actions to agent
2. Comparative
2a. Similarity
2b. Difference
2c. Complementarity
2d. Relationality
3. Exemplifying-illustrative
3a. Exemplifying instance
3b. Exemplifying situation
3c. Exemplifying scene
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Example

car - a means of transyion

car - sport car
car - has 4 wheels
knife - used fanirsj bread

knife - can injure people

Ski - taking it to the talsar
Ski - firstiyhave to purchase skis than take lessons
Ski - you have todpsoih physical shape
Puzzles - making yos imelligence

Beauty - related tormam
Eating - fruit, meat
Table - made of wood
Table - a board is on top four legs
Water -digtate, solid state
Car - weighs 4 tons
Car - 6 feet long
Car - there are many ohttaring rush hours
House - very beautifuthie mountains
Exams - there is never ehdinge for completing

Car - in the past only reaebgbe owned cars
American - usually possesgg=rsonal computer
Organization - always increaseizi

Man - evolved from apes

Sea - is salty

Dog - smells very well

Dog - makes you hapmpgnat is happy
Dog - very glad each thissmaster comes home

War - should be avoidedlipjomatic efforts
Car - is always evaluatingliser

Book - sometimes maketlink hard to understand
Citizens - often have shorimogy

Eyes - blue
Policemen - catch criminals

Israel - its population is similar to Denmark
Day - the opposite of night

Friends - help each other

Sea - smaller than an ocean

Cars - my neighbo#gs lmever moves
Sadness - when yotciva tragic movie
War - a doctor trieseaah a wounded soldier



4. Metaphoric-symbolic
4a. Interpretation
4bh. Conventional metaphor
4c. Original metaphor
4d. Symbol

MODES OF MEANING
Lexical Mode: Attributive + Comparative
Personal Mode: Exemplifying-illustrative +
Metaphoric-Symbolic

IIl. FORMS OF RELATION(FR)
1. Positive

2. Negative
3. Mixed positive & negative
4. Conjunctive

5. Disjunctive
6
7
8
9

. Combined positive & negative
. Double negative
. Obligatory
. Question
10. Absolute, general
11. Desired

IV. SHIFTS OF REFERENTSR)
1. Identical

2. Opposite

3. Partial

4. Modified

5. Previous Meaning value

6

7

8

9

. Associative

. Unrelated

. Grammatical Variation

. Linguistic label
10. Combined meaning values
11. Superordinate category
12. Synonym

V. FORMS OF EXPRESSIONKFE)
1. Verbal

la. Direct

1b. Verbal description of explanation, interptin
2. Graphic

2a. Actual

2b. Verbal description of drawing or painting
3. Movements, gestures & facial expressions

3a. Actual enactment

3b. Verbal description of movements,

gestures and facial expressions

4. Sounds and voices

4a. Actual voicing

4b. Verbal description of sounds and voices
5. Denotation of object or situation

5a. Actual presentation

5b. Verbal description of object or situatiorbe
presented
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Sea - symbolizes freedom
Mind - works like anpauter
Mind - works like termitests
Love - fire that creates and destroys

Sky - is blue
Oil - do not contain cholesterol
Wine - is good in shwglantities but not in breakfast
Apple - is red or green
Cars - are pollutant and dangerous
Cars - convenibat,not environment friendly
Television - neither interestiog reliable
Crime - must be fought
computers - what is their role in society ?
Big cities - always polluted
Money - people want a lot of it

Car - a car is a means of transportation
Murder - birth is a wonderful thing
Car - it is good to cover the wheel in summer

Car has four wheels; \gteme made of rubber
Car - its not easy to drive in England
Car - | love ice cream
Car - cars are expensive
Car - ‘car’ has three charaster

Car - there are two many automobiles in the street



