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C H A P T E R  20 

Learning via Model Construction 
and Criticism 

PROTOCOL EVIDENCE O N  SOURCES OF 
CREATIVITY I N  SCIENCE 

John Clement 

Abstract: Some central issues in discussions of creative processes in 
science are: (1) the mechanism(s) by which hypothesis formation takes place; 
( 2 )  the sources of new knowledge during hypothesis formation; and (3) the 
Eureka vs. steady accumulation (accretion) issue concerning the pace of change 
during hypothesis formation. This chapter attempts to investigate the 
question of whether data from transcripts of scientists thinking aloud has the 
potential to speak to these issues. A case study is examined in which the 
subject generates a new explanatory model hypothesis--a predictive analogy 
which describes a hidden process axplalning a phenomenon. 

Observations from the case study indicate the following: (1) "Ahal* 
episodes are observed which lead to creative insights. It is argued that 
these can involve fairly sudden reorgsnlzations but do not necessarily involve 
extraordinary or unconscious reasoning. ( 2 )  A new hypothesis can be developed 
and evaluatsd by a scientist in the absence of new empirical information via 
thought experiments and other means which are neither inductive nor deductive. 
(3) In particular, analogy generation and other divergent processes can play r 
role in the generation of new hypotheses. Analogous cases are not only 
produced by associations to existing cases in memory, but by transformations 
which can generate newly invented cases. (4) A new explanatory model can be 
developed via a successive refinement process of hypothesis generation, 
evaluation, and modification, atarting from an initial rough analogy. Thia 
dialectic model constructlon process is shown in Figure 4 and includes both 
empirical and non-empirical elements. (5) Such a cycle can be more powerful 
than a blind variation and evolution process. For example, when difficulties 
have been identified in an existing model, subsequent generation and 
modification processes can serve to ramove the difficultiss. (6) Philosophers 
have tended to separate the .context of discovery" (theory generation) from 
the 'cwtsxt of justificationo (theory evaluation) in their discusaiona of 
scientific method. The praaance of an evaluation componant and the 
observation of vary small cycle tlmas for the 1oops.in this cycle 
(occasionally on the ordsr of tens of seconds) makes it very difficult to 
separate the context of discdvery from the context of justification in tha 

early stages of hypothesis formation. Hypothesis evaluation processes appear 
to be an inherent part of hypothesis formation down to rasolution intervals of 
a single minute on occasion. (7) The persistence of an initial model that 
resists replacement and the observed tension between it and a percdlved 
anomaly may be partially analogous to the persistence of a paradigm in the 
face of anomalies in science. An important function of the strategy o f  
searching for analogous cases is that it may help the subject to break away 
from such a perslstent but inadequate model. 

Thus it appears to be possible to study hypothesis fonnation and creative 
insight processes in thinking aloud protocols. The present study suggests a 
view of hypothesis formation in science that is more complex than can be 
provided by either m inductivist, rationalist, Eurek~ist, or accretionlat 
position alone. Recent analyses of D a ~ i n ' ~  thought processes ara found to be 
similar in many respects to the present analysis. 

Figure 4 may provide a useful hypothesis for the process students should 
use to learn scientific models in science education. As such it may suggest a 
more explicit meaning for the concept of *knowledge constructiong. An 
extended abstract is provided by the sunnnary at the and of the chapter. 
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CHAPTER 20 

Learning via Model Construction 
and Criticism 

PROTOCOL EVIDENCE O N  SOURCES OF 
CREATIVITY IN SCIENCE 

John Clement 

Introduction 

There is growing recognition that mental models 
play a fundamental role in the comprehension of 
science concepts. The process of learning via model 
construction appears to be central to'theory forma- 
tion in science and central for science instruction 
but is still very poorly understood. This chapter 
uses evidence from case studies, in which a scientist 
is asked to think out loud, to argue that nonfomal 
reasoning processes that are neither deductive nor 
inductive can play an important role in scientific 
model construction. The construction process is 
complex and involves repeated passes through a 
cycle of hypothesis generation, evaluation, and 
modification. 

"Aha" episodes that show that a scientist can 
generate creative insights via spontaneous analo- 

J h  Cleinent Scientific Reasoning Research Institute, 
University of Massachusetts, Amherst, MA 01003. Theresearch 
reported in this study was supported by the National Science 
Foundation under Grants MDR-8470579 and MDR-8751398. 
Any opinions, findings, and conclusions or recommendations 
expressed in this chapter are those of the author and do not 
necessarily reflect the views of the National Science Foundation. 

gies and other divergent processes are also exam- 
ined. It is argued that these insights can involve 
fairly sudden reorganizations in the structure of a 
mental model but do not necessarily involve ex- 
traordinary or unconscious thought processes. This 
introduction and a summary of findings at the end 
constitute an overview of the chapter. 

Questions about the Nature of Scientific Theory 
Formation 

Galileo's theory of motion, Faradav's concept of 
the magnetic field, Darwin's theory bf naturai se- 
lection, and Einstein's theory of relativity are com- 
monly cited examples of creative achievements in 
science. Each is a major event in the history of 
scientific ideas, and, in each case, something very 
new emerged that affected the entire scientific com- 
munity add subsequently affected civilization as a 
whole. Analyzing how such achievements take 
place is a worthwhile goal, but achieving this goal 
has unfortunately proven to be surprisingly diffi- 
cult. The universally recognized importance of ad- 
vances in science has not made the problem of de- 
scribing the processes by which they were created 
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any easier. In Darwin's case, for example, it is 
possible to argue that the theory of natural selection 
was built up gradually through a large number of 
detailed empirical observations. But, on the other 
hand, it also is pssible to argue that the theory was 
the result of a mental breakthrough well after the 
Beagle's voyage in the form of an insight that con- 
stituted a sudden reorganization of Darwin's ideas. 
Thus, even with respect to specific historical exam- 
ples, disagreement emerges as to the basic sources 
and pace of theory change in science. 

At issue here is an important question concerning 
the nature of science. Cast in its most global and 
extreme form, the question is: Does science change 
in an incremental manner, with a series of many 
small empirical observations inching it forward, or 
do occasional large breakthroughs occur in the 
mind of the scientist in the absence of new data, 
each causing a great leap forward in the field? One 
purpose of this chapter is to determine whether the 
methodology of protocol analysis has the potential 
to illuminate some aspects of this question by using 
data from transcripts of scientists solving problems 
aloud. I will concentrate most on an example of a 
breakthrough episode in a thinking aloud case study 
and discuss the senses in which it is or is not an 
example of a scientific insight or "eureka" event. 
In particular, the case study is used to address ele- 
ments of the following more specific questions: 

1. What is a scientific insight? Can one identify 
"insight" events or "eureka" events in 
thinking aloud protocols? Why do insights 
occur? Why do periods of slow and fast pro- 
gress occur in scientific t h i n g ?  

2. What processes are involved in the generation 
of a scientific hypothesis? In particular, are 
hypotheses always generated as inductions 
from data? What role do analogies and 
thought experiments play in creative scien- 
tific thinking? What is the role of explanatory 
models? 

3. Are there any parallels between the tensions 
observed in an individual scientist thinking 
aloud and the tensions Kuhn describes be- 
tween an anomaly and a scientific paradigm? 

4. What impact do findings relevant to the above 
questions have on the concepts of "knowl- 
edge construction" and "discovery learn- 
ing" in a theory of instruction? 

I will attempt to show that empirical evidence 
can be collected which speaks to certain aspects 
of these questions. 

Background Questions from 
Philosophy of Science 

The Source and Pace of Theory Change 

Eurehism versus Arcretionism. It is useful to 
separate out two major issues that are involved in 
the controversy over hypothesis formation, the 
pace of scientific theory change and the source of 
new theories (represented, respectively, in ques- 
tions 1 and 2, above). With respect to the pace of 
thwry change, one can contrast eurekaist and ac- 
cretionist positions. A eurekaist claims that atheory 
can be changed at a very fast pace by an insight that 
reorganizes its structure. In its strongest form, eu- 
rekaism is associated with sudden flashes of in- 
spiration, possibly following a period of incubation 
or nonconscious mental activity. Thus, some ideas 
may form in and arrive suddenly from the uncon- 
scious mind. 

An accretionist or incremental view of the pace 
of scientific theory change holds that a scientist 
gains knowledge in small pieces and puts them to- 
gether deliberately at a slow and even pace. This 
process should lead to a smooth progression in the 
attainment of knowledge-an incremental "march 
of progress" without large-scale reorganizations. 

Rationalism verws Inductivism. A second 
major issue is the source of new theoretical knowl- 
edge. The question of the sources of and justifica- 
tion for new knowledge is a central point of contro- 
versy between the rationalist and empiricist 
traditions in Western thought. The rationalist tradi- 
tion emphasizes the power of reasoning from prior 
knowledge and greatly values the consistency and 
beauty of the resulting theories. Reasoning power, 
coupled with the prior beliefs of the leamer, are 
emphasized as sources of knowledge. On the other 
hand, the empiricist tradition emphasizes the im- 
portance of careful observation and greatly values 
the reliability of repeatable experimental pro- 
cedures. Here the term induction will denote a pro- 
cess by which a more general principle is abstracted 
from a set of empirical observations as the source. I 
will use the term inducrivism to refer to the belief 
that induction is the primary, if not exclusive, 
source of hypotheses in science. Stated most sim- 
ply, in this view scientists gradually gather facts, 
use inductive reasoning to organize them into gen- 
eral statements, and finally build up a pyramid of 
general empirical laws that summarize all the 
gathered data. Theory-driven and data-driven ap- 

proaches in artificial intelligence can, to some ex- 
tent, be thought of as modern inheritors of the ra- 
tionalist and inductivist viewpoints. 

Although they refer to different issues, the eu- 
rekaist versus accretionist and the rationalist versus 
inductivist controversies are not independent his- 
torically but tend to interact. Eurekaism tends to be 
associated with rationalism, whereas accretionism 
tends to be associated with inductivism. Thus, it is 
sometimes useful to refer to an individual position 
as "rationalist-eurekaist" or "inductivist-accre- 
tionist." A rationalist-eurekaist view of theory 
change is associated with the idea that scientists at 
times must be very creative, whereas the induc- 
tivist-accretionist view suggests that scientists can 
make progress by relying on small changes without 
large creative breakthroughs. This simplified pic- 
ture of two opposing camps can be used as a starting 
point for introducing some important issues con- 
cerning the nature of science. 

Gould (1980) noted that writers on both sides of 
this controversy have tried to claim Darwin's theory 
of evolution as an example. Historically, induc- 
tivist-accretionists claimed that it was a prime ex- 
ample of the power of induction, as facts gathered 
by Darwin during the voyage of the Beagle were 
slowly pieced together into a grand theory. Ra- 
tionalist-eurekaists claimed that Darwin had a sud- 
den, crucial insight upon reading Malthus's theory 
of human population constraints. 

But both of these positions runs the risk of being 
oversimplified. As Gould (1980) put it: "Induc- 
tivism reduces genius to dull, rote operations. Eu- 
rekaism grants it an inaccessible status more in the 
domain of intrinsic mystery than in a realm where 
we might understand and learn from it" @p. 60- 
61). The implied challenge here is to find a less 
simplistic view that helps to explain creative behav- 
ior in a nontrivial way. In this chapter, accounting 
for the data from the case study leads to a more 
complex view of scientific discovery than either the 
extreme eurekaist, accretionist, rationalist, or in- 
ductivist positions can provide. 

Toward the end of the chapter, I also review 
some recent historical studies of Darwin's insights 
that point to the same conclusion. 

Philosophical Positions 

I give a brief outline here of how these two broad 
questions concerning the source and pace of scien- 
tific theories interact with some of the major twen- 
tieth century philosophical positions on the nature 

of the scientific enterprise.' Prior to this century, 
empiricists focused on observation as the primary 
source of knowledge in science, and the twentieth- 
century logical positivists built on their tradition by 
attempting to show that scientific knowledge could 
be grounded firmly in sense experience. In their 
view, careful observations, and the assumptions of 
a common scientific observation language and the 
applicability of the laws of logic and probability, 
could provide science with knowledge of the utmost 
reliability, if not certainty. Although the logical 
positivists concentrated on issues surrounding the 
justification of theories rather than their origin, 
their empiricism also affected views of the origins 
of scientific knowledge. Science was described in 
an accretionist manner as building and extending 
theories incrementally, approaching truth in a 
monotonic way. For example, Rudolph Camap 
held the inductivist belief that science advances up- 
ward from particular empirical facts to generaliza- 
tions that summarize or provide an abbreviation for 
a body of such facts (Gppe, 1974, p. 15n). Cer- 
tainly positivism has influenced the methodology of 
other disciplines (e.g., behaviorism in psychology) 
in this direction. 

Important attacks on the positivist position, such 
as Popper's (1959) success in showing that induc- 
tion cannot confirm the truth of theories, Hanson's 
(1958) claim that observations are "theory laden," 
and Kuhn's (1962) claim that theoretical advances 
often precede the empirical findings used to support 
them in science, have raised serious problems by 
arguing against the empiricist emphasis on sense 
experience as the pre-eminent basis for knowledge. 
Popper (1959) held that the proper role for data is in 
th&criticism rather than the conbat ion of hypoth- 
eses. Hypotheses are coniectures made bv scientists 
rather ihsl certainties abstracted from-data. But 
these conjectures can be reliably criticized and fal- 
sified by collecting data. This allows science to 
make progress via a series of conjectural hypoth- 
eses and reliable criticisms. Popper's work pro- 
vided support for the model shown in Figure 1, the 
hypothetico-deductive method. There are three 

'Placing diiermt scholm on these two b a d  spectra ignaes 
many differences betwan them and quires a number of sim- 
plifications. For example, some scholars (e.g., positivists and 
Popper, 1959) tend to coneern themselves with the fonnal justi- 
fication of thtories, whereas others (e.g., Hauson, 1958, Kuhn, 
1962) also foeus on their psychological origin; arguments also 
vary as to whether they refer to science as a whole or to the 
individual scientist. 



( A )  Conjecture 

and test emplr~cally 

Fail POSS 

Ngure 1. Basic conjecture and empirical evaluation cycle in 
hypotheticdeductive method. 

main stages shown here: (I) a hypothesis is formed 
by conjecture; (2) predictions deduced from the hy- 
pothesis are tested empirically; (3) if the prediction 
is incorrect, the hypothesis is rejected and the cycle 
restarted. Popper maintained, contrary to the log- 
ical positivists, that a successful empirical test does 
little to confirm a hypothesis, but that failing such a 
test is grounds for rejecting a hypothesis. Those 
hypotheses that survive the gauntlet of repeated 
testing become accepted laws. Favored laws 
emerge through the survival-of-the-fittest conjec- 
tures, so to speak. However, Popper's emphasis on 
conjecture also opens up the possibility that a non- 
inductive, nonaccretionist process, or even a eureka 
event could be involved in hypothesis formation. 

Popper's views have in turn been criticized in a 
number of ways. The most relevant shortcoming for 
the purposes of the present study is that his classic 
work does not specify mechanisms for generating 
hypotheses; he relegates this task to psychology and 
says only that hypotheses must be conjectural in 
nature. Also, Hanson's (1958) notion that observa- 
tions can be "theory-laden" implies that empirical 
testing in the hypothetico-deductive method may 
not be fully reliable and sufficient on its own as a 
means of hypothesis evaluation. (Other means of 
hypothesis evaluation that are more rationalist in 
character will be discussed in the next section.) 

With regard to the pace of theory change, Kuhn's 
(1962) ideas of revolution within a scientific disci- 
pline and the creative "gestalt switch" that is re- 
quired for an individual scientist to move outside of 
his or her own paradigm argue against an accre- 
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tionist view of theory change. In this view, normal 
science may be accretionist in character, but revolu- 
tionary periods in science involve crisis and recon- 
struction, implying that science progresses at an 
uneven pace with periods of slow and fast change. 
On the other hand, critics of Kuhn, such as Toulmin 
(1972), have, in turn, questioned the reality of sci- 
entific revolutions, arguing for a more continuous 
view of theory ~ h a n g e . ~  

In summary, an inductivist-accretionist view of 
science sees it as compiling facts and generaliza- 
tions in a piece-by-piece fashion. Induction is the 
primary process of hypothesis generation, with a 
one-directional flow of knowledge from data u p  
ward to theories. In a rationalist-eurekaist view, on 
the other hand, significant theoretical develop 
ments can occur when a scientist formulates mental 
constructions at some distance from existing data 
and can actually develop new ways of looking at old 
data. Thus, knowledge-can flow downwardfrom a 
newlv invented. general theorv to influence the for- . "  
mation of new specific theories, to reorganize one's 
view of existing data, and to suggest new places to 
collect important data. Such reorganizations pre- 
sumably would require a large degree of creativity, 
perhaps even extraordinary eureka episodes of 
insight. 

These two views have been the subject of con- 
tinuing controversy. Philosophers have taken vari- 
ous positions between these extremes, and some 
have attempted to point to examples from the histo- 
ry of science supporting their position. However, in 
historical studies, it is always diicult  to find data 
saying much in detail about the actual process of 
hypothesis formation in the individual scientist. In 
the next section, I consider several descriptions of 
this process as proposed by philosophers, after 
which I analyze a thinking-aloud case study to ex- 
amine these issues from an empirical base at a more 
detailed level. In this case study, examples of non- 
inductive reasoning in the formation of hypotheses 
will be examined in order to determine whether 
these types of data can challenge the inductivist 
position; and an identified "insight episode" will 

*Because this chapter focuses on W i n g  in the individual scien- 
tist, I will not discuss here impoIfant work that emphasizes 
social factors in the development of scientific ideas. Although 
these factors are undoubtedly significant, 1 believe that studying 
hypothesis generation processes in the individual scientist is an 
effective heuristic shategy for investigating a crucial patt of the 
problem. 
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be examined to determine whether it can provide 
support for or against a eurekaist position. 

Some Possible Views of Hypothesis 
Formation Processes in the Individual 

Scientist 

How Are Hypotheses Formed? 

In this section, it will be useful to concentrate on 
the more specific question, "What are the mental 
processes by which hypotheses are formed in an 
individual?" The answer to this question should 
involve some sort of model of the mental processes 
being used. Discussion of this narrower question 
about individuals may be of some interest to those 
investigating the broader question about science as 
a whole, even though the latter issue is more com- 
plex. In fact, surprisingly little work has been ad- 
dressed to this question, especially in comparison to 
the complementary question, "How are scientific 
hypotheses tested?" Here I give a brief overview of 
several possible positions that can be taken on the 
first question concerning formation. 

Popper's (1959) position and the hypothetica- 
deductive method shown in Figure 1 can be taken as 
a starting point here in the form of a nonanswer. The 
method shows one way in which hypotheses might 
be tested but does not show how they are generated. 

Answer 1: Hypothetico-Deductive Method Plus 
Induction 

Popper argued convincingly that induction can- 
not be used to confirm the truth of scientific theo- 
ries. However, some modem scholars retain some 
form of induction in their model of scientific meth- 
od as a way to suggest hypotheses. This can be 
represented by the model shown in Figure 2 that 
combines the hypothetico-deductive method with 
induction as a source of hypotheses. Here there is 
no claim for a "logic" of discovery but only for a 
fallible method for generating hypotheses. Further 
experiments are performed in order to evaluate the 
inductions. Such a diagram is commonly implied in 
everyday characterizations of scientific method as a 
combination of induction and deduction. Scholars 
such as Harre (1983). Achinstein (1970), and Gre- 
gory (1981) argue that induction can play a role in 
hypothesis formation. However, they believe that 
other processes can be involved as well. Recently, 
Langley (1979) has attempted to develop simula- 

tion models of data-driven inductive processes 
for generating certain scientific laws. 

Answer 2: Creative Intuition 

Is some form of induction or guessing the only 
source of scientific hypotheses? A number of recent 
authors have answered no to this question by point- 
ing to the role of creativity, intuition, and the un- 
conscious in generating hypotheses (Koestler, 
1964, Polanyi, 1966; Rothenberg, 1979). Unfortu- 
nately, I can only make the briefest mention of these 
long and detailed works here. Their views can be 
roughly characterized as replacing the "Hypothesis 
Formation by Induction" step in Box A of Firmre 2 
with a ~rocess labeled " ~ ~ b t h e s i s  ~ormat&n by 
Creative Intuition." For example, Polanyi empha- 
sized the role of intuition and tacit knowledge in 
science. Rothenberg proposed a process of "Janu- 
sian thinking," whereby a person is able to jux- 
tapose seemingly contradictory ideas, as a common 
element in creative thinking. Koestler pointed to 
"bisociative thought9'-the ability to connect nor- 
mally independent frames of reference-and to the 
role of the unconscious in accounting for creativity. 

An interesting controversy emerged in this area. 
Perkins (1981) argued that all these descriptions 
attempt to point to extraordinary thinking pro- 
cesses; they attempt to supplement ordinary reason- 
ing with something more powerful. He countered 
this idea with the claim that most creative acts can 
be explained plausibly by a model in which aperson 
uses certain ordinary thinking processes more in- 

by induction 

( B )  Deduce predictions 
and test empirically 

Fiyrr 2. Hypothetico-deductive method with the addition of 
induction as a source of hypothmes. 
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tensively, or with special goals in mind. In his 
view, the difference between a creative and an un- 
creative person is a difference of degree and pur- 
pose, not a difference of kind. Perkins also de- 
scribed authors like Koestler as contributing mainly 
to the description of the products of creative think- 
ing; a remaining problem is to specify the processes 
of creative thinking in more detail. 

Answer 3: Analogies and Successive 
Refinement Cycles as Sources.of Explanatory 

Model Hypotheses 

The work of another group of scholars in philoso- 
phy of science, including Campbell (1920), Harre 
(1961), Nagel (1%1), and Hesse (1966), suggests 
that analogies may be a source of hypotheses. They 
argue that scientists often think in terms of the- 
oretical explanatory models, such as molecules, 
waves, and fields, that are a separate kind of hy- 
pothesis from empirical laws. Such models are not 
simply condensed summaries of empirical observa- 
tions but rather are inventions that contribute new 
theoretical terms and images that are part of the 
scientist's view of the world, and that are not 
"given" in the data. 

As shown in Figure 3, they see a distinction be- 
tween an empirical law hypothesis summarizing an 
observed regularity and what I will call an 
explanatory model hypothesis. Campbell's often 

MORE THEORETICAL 

0 0 Formal principles 

0 Explonolory model hypotheses 

0 Empirical low hypotheses: 

mathemoticol or verbal descriptions 
of patterns in observoliis 

0 Observations 

MORE EMPIRICAL 

Flprc 3. Types of knowledge used in science. Explanatory 
models are distinguished from empirical laws. 

cited example is that merely being able to make 
predictions from the empirical gas law, stating that 
P V  is proportional to RT, is not equivalent to under- 
standing the explanation for gas behavior in terms 
of an imagable model of billiard-ball-like mole- 
cules in motion. Unlike the empirical law, the 
model provides a description of a hidden process 
that explains how the gas works and answers 
"why" questions about where observable changes 
in temperature and pressure come from. Causal re- 
lationships are often central in such models. The 
model can not only add significant explanatory 
power to one's knowledge but can also suggest 
questions that stimulate the future growth of the 
theory. In this view, the visualizable model is a 
major locus of meaning for a scientific theory. 
(Brief summaries of these views are given in H m ,  
1967 and Hew,  1967.) 

The above authors, as well as Black (1979), ar- 
gue that models involve analogies to familiar situa- 
tions (e.g., gases are analogous to a collection of 
colliding balls). In Nagel's (1961) terms, such visu- 
alizable analogue models help scientists "make the 
unfamiliar familiar." This suggests that analogical 
reasoning may be an important noninductive source 
for generating such hypothetical models. More re- 
cently, theory formation and assessment cycles 
using analogies have been discussed by Clement 
(1981), Nersessian (1984), Holland, Holyoak, 
Nisbett, and Thagard (1986), and Darden andkada 
(1988). 

Most of the above authors also emphasize a ra- 
tional (nonempirical) contribution to hypothesis 
evaluation, holding that explanatory models are 
evaluated also with respect to the criteria of sim- 
plicity, aesthetic appeal, and consistency with other 
accepted models. 

Tbe Modcl Conrtmction Cyck. Figure 4 repre- 
sents an attempt to bring together several of these 
features in a single idealized model of the hypoth- 
esis development process for constructing scientific 
models. Typically, such a process would be used to 
develop an explanation for a newly recognized phe- 
nomenon. Essentially, the diagram depicts a 
cyclical process of hypothesis generation, rational 
and empirical testing, and modification or rejec- 
tion. It is difficult to describe so complex a process 
in a single diagram, but a simplified model will aid 
in the present analysis. In contrast to Figure 2, in 
Figure 4, when a hypothesis is evaluated nega- 
tively, it can sometimes be improved through modi- 
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M ( 8 ) Activote possible 
( A )  Make initial analogies and relo- 

observat~ons ted model elements 

(C) Construct initial 
model 

( 13) Rational ( non-em- 
piricol) evaluation 
(e.g. for consistency) 

( F )  Consfruct and per- 
form empirical tests 

Figure 4. Hypothesis development (model consumtion) cycle of conjecture, evaluation, and modification or rejection. 

fication, instead of being completely rejected. 
Thus, it may undergo a series of successive 
refinements. 

The double-ended arrows, in Figure 4, between 
"Make Initial Observations," and "Construct Ini- 
tial Model" represent the idea that not only does 
model construction respond to observation but that 
one's focus of attention during observation can be 
guided by one's initial model. This and other dou- 
bleended arrows indicate that the initial model gen- 
eration process can be highly interactive and com- 
plex. It is still poorly understood. 

Essentially, the scientist must construct or piece 
together a conjectured picture of a hidden structure 
or process that explains why the phenomenon oc- 
curred. Peirce (1958) and Hanson (1958) used the 
tern "abduction" (or retroduction) to describe the 
process of formulating a hypothesis which, if it 
were true, would account for the phenomenon in 
question. The hypothesis can be a guess as long as it 
accounts for (predicts after the fact) the observa- 
tions collected so far. Empirical law hypotheses 
that consist only of a recognized regularity or re- 
peated pattern in the variables, such as those dis- 
cussed by Langley (1979), might be formed via a 
more data-driven inductive process. This is possi- 

ble on those occasions when one has the prior ad- 
vantage of possessing the right variables, or compo- 
nents of compound variables, to look for. But the 
explanatory model hypotheses being considered 
here would be formed by a less data-driven abduc- 
tive process, possibly for just a single instance of 
the phenomenon. Such a process might "pla- 
giarize" the knowledge structure from an analo- 
gous case in memory to form the starting point or 
core of a new model. Or it might integrate several 
related model elements-constructing a new model 
by combining several existing knowledge struc- 
tures previously known to the subject. 

Hypothesis evaluation can take place in two ma- 
jor ways. Empirical testing can add support to or 
disconfirm a hv~othesis. Rational evaluation can 
also support or &confirm a hypothesis, depending, 
for examole, on whether it is found to be consistent 
or incon'sistent with other established theories. 
Evaluation processes cannot provide full confirma- 
tion, but can lead a scientist to have increased or 
reduced confidence in a theory. Once generated, a 
hypothesis undergoes repeated cycles of rational 
and empirical testing and modifications as needed. 
A limitation of the diagram that is not intended to be 
part of the model is the order in which rational and 



empirical evaluations occur; tests can occur in dif- 
ferent orders on different cycles. 

The endless loops in Figure 4 indicate that, ide- 
ally, theories in science are always open to new 
criticisms. However, as Kuhn (1962) pointed out, 
scientists will sometimes ignore or discount some 
criticisms in order to protect a favored theory. In 
practice, research groups may adopt a "protected 
core" of theories that they take as givens (Lakatos, 
1978). - -, 

A missing element in Figure 4 is the influence of 
the subject's prior theoretical framework. This ele- 
ment &difficult to depict, as it could affect so many 
of the processes shown. Because the scientist oper- 
ates from a background of broader theoretical as- 
sumptions, these may have an early influence on the 
model elements and analogies that come to mind, 
and even (according to Hanson, 1958, and to Kuhn, 
1962) on what is o b s e ~ e d . ~  

Summary 

In summary, little empirical work has been done 
on the question of hypothesis formation processes 
in science, but philosophers have proposed several 
possibilities, including guessing, abduction, induc- 
tion, and creative leaps. In addition, Campbell 
(1920) and others have introduced the interesting 
distinction between empirical law hypotheses that 
are summaries of perceived patterns in observations 
and explanatory model hypotheses that introduce 
visualizable models at a theoretical level and that 
often contain currently unobservable entities. They 
suggest that analogies may be an important means 
of constructing the latter type of hypothesis. A pos- 
sible synthesis of these ideas was proposed in Fig- 
ure 4. It allows for the possibility that the hypo- 
thetico-deductive method, induction, abduction, 
analogy, rational evaluation, and hypothesis modi- 
fication may all play important roles at different 
times in scientific thought. 

The idea that analogiescan be involved in hypoth- 
esis formation is often used to support a eurekaist 
view of scientificdiscovery . If analogy generation is 
a fast, creative process, and if it is important in 

%form of Figure 4 was developed via an extended successive 
nfmment process and was also designed to account for em- 
pirical data from protocols (like the ones to be discussed), and 
not just as a summary of pior literature. 

PART IV APPLICATIONS 

hypothesis formation, then it is a promising candi- 
date for a cognitive process underlying insight or 
eurekaevents. This issue will beexaminedclosely in 
the section following the next one. 

Evidence from Thinking Aloud 
Protocols on Model Construction Cycles 

Using Analogies 

Recently, cognitive psychology has begun to 
study complex human cognition through the use of 
protocol analysis. This section uses this method to 
examine the process of hypothesis generation in 
thinking-aloud protocols. Several examples of 
spontaneous analogies will be examined, as well as 
a breakthrough episode that appears to be an exam- 
ple of insight behavior. Instead of working back- 
ward from historical records and outcomes, a more 
direct analysis of the processes operating in the 
thinking scientist will be attempted here. 

The great difficulty, of course, is to have a video 
camera trained on the scientist at one of the rare 
moments when he or she formulates a hypothesis. 
One way to overcome this difficulty is to pose to the 
subject conceptually challenging but not over- 
whelming problems, which allow for the formula- 
tion of hypotheses and explanations. The data dis- 
cussed here were taken from interviews in which 
advanced doctoral candidates or professors in tech- 
nical fields were asked to think aloud as they solved 
such problems. Although the problems do not con- 
cern issues on the frontier of science, in many cases 
they ask subjects to give a scientific explanation of a 
phenomenon with which they are unfamiliar(i.e., a 
problem on the frontier of their own personal 
knowledge). Thus, it is plausible that the thought 
processes analyzed will share some characteristics 
with hypothesis formation and model construction 
processes used on the frontiers of science. 

Use of Analogies and ~ o d &  in Expert Problem 
Solutions 

In this section, evidence will be presented indi- 
cating that analogies can be involved in a signifi- 
cant way in generating the solution to a scientific 
problem, and, more specifically, that they can 
sometimes lead to a new model of the problem 
situation. 
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YOU ARE GIVEN THE TASK OF ROLLING A HEAVY M E E L  UP A 
H I L L .  00ES I T  TAKE MORE. LESS. OR THE SAME AMOUNT OF 
FORCE TO ROLL THE WHEEL WHEN YOU PUSH AT X .  RATHER 
THAN AT Y ?  

ASSUME THAT YOU APPLY A FORCE PARALLEL TO THE SLOPE 
AT ONE OF THE TWO POINTS SHOWN. AND THAT THERE ARE NO 
PROBLEMS WITH POSITIONING OR GRIPPING THE W E E L .  
ASSUME THAT THE WHEEL CAN BE ROLLED WITHOUT SLIPPING 

3 BY PUSHING I T  AT EITHER POINT.  

Figure 5. Wheel pmblem. 

Wbeel Problem. I will first present a very brief 
description of a solution to the "wheel problem" 
illustrated in Figure 5. The question asks whether 
one can exert a more effective uphill forceparallel 
to the slope at the top of a wheel or at the level of the 
axle (as in pushing on the wheel of a covered 
wagon, for example). 

Subject S2 compared the wheel to the analogous 
case of pushing on a heavy lever hinged to the hill 
(Figure 6B). He reasoned that pushing at the point 
higher up on the lever would require less force. He 
then made an inference by analogy that the wheel 
would be easier to push at the top (the correct an- 
swer). Here the lever is used as a model in some 
sense for the wheel. 

Use of tbe Terms Analogy and Modcl. This ini- 
tial example motivates the following uses the terms 
analogy and model. I will refer to the occurrence of 
a spontaneous analogy when the subject spon- 
taneously shifts his attention to a different situation 
(called the analogous case) that he believes may 
have relevant structural similarities to the original 
problem (also referred to here as the target). When 
this is true, the subject's cognitive structures repre- 
senting the target and the analogous case will have 
at least one structural relationship in common. In 
the discussion that follows, I will refer to the lever 
situation as the analogous case and to the structural 
similarity relationship between the lever and the 
wheel as the analogy relation. 

Some analogies are used casually for "deco- 
rative" purposes only. By contrast, the following 
definition of a scientific model as a predictive anal- 
ogy is intended to identify analogies that are used 
for serious scientific purposes. Here, in the broad 
sense of the term, a scientific model will refer to a 
cognitive structure, where the subject believes that 
the model situation is analogous to the target situa- 
tion and believes that one may be able to use the 
model to predict or account for observations made 
in the target. 

One way in which models are distinguished the- 
oretically from rote facts or procedures is by virtue 
of having a richer set of relational interconnections 
within their structure as opposed to being a collec- 
tion of independent facts. A model M gives the 
scientist a way of thinking about a target situation T 
that can predict how T behaves under certain condi- 
tions (whether this happens before or after the be- 
havior is observed is not important for the defini- 

Figure 6. Models used in wheel problem. (A) Original problem, (B) Lever model, (C) Spoked wheel without a rim model. 



tion). The lever analogy for the wheel is a scientific 
model in this sense. Well-developed and successful 
scientific models are also valued for being precise, 
unambiguous, general, and predictive (Gentner, 
1982). In addition, scientists often prefer models 
that are visualizable, causal, simple, and that con- 
tain familiar entities. (In a later section, the nar- 
rower category of an explanatory model will be 
defined as one that posits a material similarity in 
which elements of M are assumed to actually exist 
as hidden or nonobvious elements in T. )  

PART IV - APPLICATIONS 

A WEIGHT I S  HUNG ON A SPRING. THE ORIGINAL SPRING I S  
REPLACED WITH A SPRING 

- WOE OF THE S A W  K I N 0  OF WIRE. 
- WITH THE SANE NUUBER OF COILS. 
- BUT WITH COILS THAT ARE TWICE AS WIDE I N  

DIANETER. 

WILL THE SPRING STRETCH F R W  I T S  NATURAL LENGTH. 
YORE. LESS. OR THE SAME AMOUNT UHOER THE SAME WEIGHT? 
(ASSUME THE MASS OF THE SPRING I S  NEGLlGlULE CWPAREO 
TO THE MASS OF THE WEIGHT). WV 0 0  IOU THINK SO? 

lmpming tbe Model fw tbe Wbeel. The sub- 
ject was confident that it would be easiest to move 
the heavy lever in Figure 6B by pushing at point X, 
but he was not so confident that it was a good 
model for the wheel; he criticized the model by 
questioning whether there was a valid analogy 
relationship between it and the case of the wheel. 
Can one actually view the wheel as a lever, given 
that the " f u k ~ m "  at the bottom of the wheel 
is always moving and never fixed? A second im- 
proved analogue model described by this subject 
was the spoked wheel without a rim shown in Fig- 
ure 6C. The spokes allow one to view the wheel as 
a collection of many levers, thereby reducing any 
worries about the moving fulcrum. This is a useful 
model of the wheel for many purposes, including 
the present problem. 

In summary, after criticizing the "lever" model, 
the subject was able to produce a second, more 
elaborate analogous case that provided an improved 
model. This provides an initial example of a hy- 
pothesis generation, evaluation, and modification 
process leading to the formation and improvement 
of a mental model via an analogy. 

Creative Aspect of Analogies. As mentioned 
above, an analogy is a related case that the subject 
believes is structurally similar to an original case. 
However, the case also must differ in a significant 
way from the original problem to be counted as an 
analogy. By this I mean that one or more features 
commonly assumed to be fixed in the original prob- 
lem are different in the related case. In order to 
generate an analogy like the lever analogy..the sub- 
ject must break away from the original problem 
context. This "breaking the set" of the%riginal 
problem appears to be one of the main reasons that 
generating an analogy is considered a creative act 
and is most likely one reason that model construc- 

STRETCH 

Figure 7. Spring problem 

tion via analogies is not the most common method 
for solving problems. 

Spring Pwbkm. A second example of a prob- 
lem illustrating analogy use and model construction 
is the "spring problem" shown in Figure 7. That 
the wide spring will stretch farther seems to corre- 
spond to most people's initial intuition about this 
problem. However, carefully answering the ques- 
tion about why the wide spring stretches more (and 
explaining exactly where the restoring force of the 
spring comes from) is a much more diicult  task. 
Because it asks why, this is largely an explanation 
question rather than a question with a single, well- 
defined answer. Thus, it is less like an everyday 
"puzzle" problem and more like a theoretical 
"why" question in science in which the answer is 
an explanation. 

In a study of expert qualitative reasoning, I re- 
corded ten professors and advanced graduate stu- 
dents in technical fields while they were solving the 
spring problem out loud (Clement, 1988). They 
were told that the purpose of the interview was to 
study problem-solving methods and were given in- 
structions to solve the problem "in any way you 
can." After they reached an answer, subjects were 
asked to give an estimate of their confidence in their 
answer. They were then asked if there was any way 
they could increase their confidence, and this often 
led to further work on the problem. Probing by the 
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Figure 8. Bending rod model. Longer rod b e n d s  more. 

interviewer was kept to a minimum, usually con- 
sisting of a reminder to keep talking. Occasionally, 
the interviewer would ask for clarification of an 
ambiguous statement. 

Some of the solutions were quite complex and 
took up to 50 minutes to complete. All subjects 
favored the (correct) answer that the wide spring 
would stretch farther, but the subjects varied con- 
siderably in the types of explanations they gave for 
their prediction. A number of subjects considered 
the analogous case of a horizontal bending rod 
(shown in Figure 8) or variations thereof. Most sub- 
jects had a strong intuition that a longer rod would 
bend more than a shorter rod under the same weight; 
this analogy suggested to them that the wider spring 
would stretch more. A number of other analogies 
attempted in this problem are discussed in Clement 
(1988b), including two foam rubber blocks, one 
with large and one with small air holes in the foam, 
springs in series, springs in parallel, series circuits, 
parallel circuits, and molecules in different 
crystals. Altogether, 31 significant analogies were 
observed, and they were generated by seven of the 
ten subjects. Thus, a large number of spontaneous 
analogies were generated for this problem. 

A Case Study of Hypothesis Generation 

In the remainder of this section, I will focus on 
the case study of subject S2 who appears to devel- 
op, criticize, and modify analogous cases for the 
spring problem until he produces a new hypothesis 
in the form of an explanatory model for how springs 
work. 

Purpore of Case Study. One of the main reasons 
for doing an in-depth case study is to develop and 
refine a basic vocabulary of concepts for describing 
psychological observations and theories. The initial 
challenge of such a study is to develop and describe 
the "units" of behavior to be used in observation 
and to propose an initial cognitive model in the form 
of a set of cognitive structures and processes that 
can account for the behavior and that is both plausi- 

ble and consistent. For simpler types of behavior, 
such modeling can be fairly detailed and, in some 
cases, can be expressed as a computer simulation. 
For more complex or poorly understood phe- 
nomena, an initial step in modeling can be achieved 
by formulating a general description of stmcture 
and process features-the basic units or cognitive 
objects to be used, the outline of a model, and a set 
of "design criteria" that a more detailed model 
would need to fulfill. The analysis of the case study 
discussed in the remainder of this chapter will be 
aimed at the latter level. 

S2's Protocol. In the spring problem, subject S2 
first generated the model of comparing a long hori- 
zontal bending rod with a short one (a weight is 
attached to the end of each rod), inferring that seg- 
ments of the wider spring would bend more and 
therefore stretch more. However, he was concerned 
about the appropriateness of this model because of 
the apparent lack of a match between seeing bend- 
ing in the rod and not seeing bending in the wire in a 
stretched spring. One can visualize this discrepancy 
here by thinking of the increasing slope a bug would 
experience waking down a bending rod and the 
constant slope the bug would experience walking 
down the helix of a stretched spring. This discrep- 
ancy led him to question whether the bending rod 
was an appropriate model for the spring. He then 
constructed the analogous case of the "zigzag 
spring" shown in Figure 9, apparently in order to 
attempt to evaluate the analogy relation between the 
spring and the bending rod and to attempt to con- 
struct an improved model. Because the full tran- 
script is quite long, only verbatim excerpts are pre- 
sented here. (My interpretive comments in the 
transcript are indicated in brackets.) 

Figare 9. Zigzag spring model. Wider s p r i n g  s t r e t c h e s  more. 
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I have one good idea to start with; it 
occurs to me that a spring is nothing but a 
rod wound up uh, and therefore maybe I 
could answer the question for a rod. But 
then it occurs to me that there's something 
clearly wrong with that metaphor because 
if I actually took spring wire and it was 
straight instead, it certainly wouldn't hang 
down like a spring does. . . . It would 
droop . . . and its slope would steadily 
increase as you . . . went away from the 
point of attachment, whereas in a spring, 
the slope of the spiral is constant. 
Why does a spring stretch?. . . I'm still led 
back to this notion . . . of the spring 
straightened out [a bending rod] . . . I'm 
bothered by the fact that the slope doesn't 
remain constant as you go along it. It 
seems as though it ought to be a good 
analogy, but somehow, somehow it doesn't 
seem to hold up. . . . 
I feel I want to reject the straightened 
spring model-as a bad model of what a 
spring is like. I feel I need to understand 
the nature of a spring in order to answer 
the question. Here's a good idea. It occurs 
to me that a single coil of a spring 
wrapped once around is the same as a 
whole spring. . . . In the onecoil case, I 

find myself being tempted back to the 
straightened spring [rod] model again. . . . 

I still don't see why coiling the spring 
should make any difference. . . . Surely 
you could coil a spring in squares, let's 
say, and it . . . would still behave more or 
less the same. Ah! from squares, visually I 
suddenly get the idea of a zigzag spring 
rather than a coiled spring; that strikes me 
as an interesting idea (draws Figure 
9). . . . Might there be something in that 
idea? . . . 

I see a problem with this idea. The 
problem . . . is that. . . the 
stretch . . . has to do with . . . the joint. 
But the springiness of the . . . real spring 
is a distributed springiness; . . . So . . . I 
wonder if I can make the [zigzag] 
spring . . . where the action . . . isn't at 
the angles . . . it's distributed along the 
length. . . . And I'm going to do that; I 
have a visualization. . . . Here's a 
stretchable bar; (draws modified zigzag 
spring in Figure 10) a bendable bar, and 
then we have a rigid connector. . . . And 
when we do this what bends . . . is the 
bendable bars . . . and that would behave 
like a spring. I can imagine that it would. 

Here there is evidence that the subject is generat- zigzag spring with the lack of change in slope in the 
ing a series of analogue models for the spring- original helical spring. However, these attempts do 
from the rod to the angular zigzag spring to the provide evidence for another thought pattern in the 
rectangular zigzag spring with stiff joints. The form of a repeated dialectic process of model con- 
zigzag spring is eventually dropped, presumably struction, criticism, and modification. 
because he was still critical of this model and could Next, S2 considers the analogy of a double- 
not reconcile the bending going on in sections of the length spring instead of the double-width spring 

appearing in the original problem. 

Flgue 10. Modified zigzag spring model. 

37 S2: This rod here: as the weight moves along, 
it bends more and more the further out the 
weight is. . . . H m h ,  what if I imagined 
moving the weight along the 
spring . . . would that tell me anything? 
Would that? I don't know. I don't see why 
it should. What if the spring were twice as 
long . . . instead of twice as wide? . . . It 
seems to me pretty clear that the spring 
that's twice as long is going to stretch 
more. . . . Now if this is the same as a 
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spring that's twice as wide, then that 
should stretch more. . . . Uhh, but is it the 
same as a spring that's twice as wide? 
Again, I just don't see why . . . the coiling 
[VS. a rod] should make any difference. It 
just seems geometrically irrelevant to me 
somehow. . . . But I . . . c a n ' t 4  have 
trouble . . . bring that into consonance 
with the behavior of an actually stretched 
out spring . . . the slope pmbbm anomaly 
[increasing slope in the rod, but not in the 
spring]-if I could resolve that 
anomaly . . . then I would feel confident 
of my answer . . . but this anomaly 
bothers me a lot. 

- - 

Again, he seems critical of the appropriateness of 
an analogy in the case of the double-length spring. 

57 S2: I feel as though I'm reasoning in circles. I 
think 1'11 make a deliberate effort to break 
out of the circle somehow. What else could 
1 use that stretches . . . like rubber 
bands . . . what else 
stretches . . . molecules, polyesters, car 
springs [leaf springs] . . . what about 
a . . . two-dimensional spiral [watch] 
spring? That doesn't seem to help. 

At this point, the bending rod, double-length 
spring, and zigzag spring analogies have each 
pointed him to the correct answer to the problem, 
yet he remains unsatisfied with his understanding. 
In Line 57, he continues to search unsuccessfully for 
a more satisfactory analogous case. 

Insight Section. Subsequently, subject S2 pro- 
duces an extremely productive analogy when he 
generates the idea of the hexagonally shaped coil in 
Figure 11 and moves from there to the idea of the 
square-shaped coil in Figure 12. Imagining the 
stretching of these polygonal coils apparently al- 
lowed him to recognize that some of the restoring 
forces in the spring come from twisting in the wire 
instead of bending-a major breakthrough in the 
solution that corresponds to the way in which en- 
gineering specialists view springs. Much of the re- 
mainder of this chapter will focus on this insight. 

The impressiveness of the reasoning displayed 
by different subjects in solving the spring problem 

Figure 11. Hexagonal coil model. 

depends on the depth of understanding sought by 
the subject and on the subject's prior knowledge. 
The fmt  level of depth in understanding is simply to 
state an intuition that the wide spring will stretch 
more; a second level is to give some plausible justi- 
fication for this. For subjects who have previously 
learned that there is twisting in the spring wire dur- 
ing stretching, they can, with some effort, achieve a 
thii quantitative level in identifying three causal, 
linear factors leading to the result that the stretch is 
proportional to the cube of the coil diameter. Proba- 
bly the most difficult achievement occurs when the 
subject does not know about the invisible twisting 
in the wire, but is somehow able to construct that 
hypothesis. S2 achieves this in the next section of 
the protocol to be discussed. 

To see why this square coil model is helpful, note 
that it can, in turn, be understood in terms of two 
simpler cases, the twisting rod and the bending rod, 
as shown in Figure 12. That is, pulling the end of 
the lever " 1 " down not only bends rod 1, but it also 
twists rod 2. (One way to comprehend this idea is to 
view rod 1 as a wrench that is twisting rod 2.) The 
same is true for all other adjacent rod pairs. Thus, 
twisting is an important type of deformation in the 
spring wire in this model. 

This part of the protocol is reported in sections as 
follows: 

Ngure 12. Square coil model 



1. Subject is still in conflict about whether 
spring wire is bending 

2. Subject generates a series of polygonal coil 
analogies 

3. Torsion discovery 
4. Subject evaluates and adapts square coil as a 

preferred model of the spring 
5. Subject comments on  his increased under- 

standing 

PARTIV APPLICATIONS 

F i i  13. Single spring wil. 

Section 1 :  Subject Is Still in Conflict about 
Whether Spring Wire Is Bending 

I just . . . have the intuition that 
a . . . straight rod ought to in some sense 
be a good model for a spring. But there 
are these anomalies that won't go away. 
And yet I can't see . . . a better model. 
. . . I'm just trying to imagine the 
coil . . . (traces circle about 7 inches in 
diameter in air in front of self) a circle 
with a break in it. . . . 
(Has just drawn Figwe 13) . . . you 
could just hold it there . . . and apply a 
force there, and the spring stretches. . . . 
I'll be damned if I see why it [the coil] 
should be any different from that case 
[the md]. . . . 
. . . if you start with a [stretched] helix 
and unwind i t .  . . you should get a bow 
[bend], but you don't. I mean visually 
imagining it, you don't. I don't see how 
you could make the bow go away-just 
to wind it up--damn it! 
Dam it, dam it, dam it . . . why should 
that [the difference between a rod and a 
coil] matter? . . . I'm visualizing what 
will happen when you just take thii single 
coil and pull down on it and it stretches; 
and it stretches. . . . 

m e  subject spends a considerable amount of time try- 
ing to resolve this issue without making progress.) 

Section 2: Subjed Generates a Series 
of Polygonal Coil Amlogies 

117 S2: (40 minutes into the pmtocol) I keep 
circling back to these same. issues without 
getting anywhere with them. . . . I need 
to . . . think about it in some radically 

different way, somehow. Let me just 
generate ideas about circularity. What 
could the circularity [in contrast to the 
rod] do? Why should it matter? How 
would it change the way the force is 
transmitted fmm increment to increment 
of the spring? Aha! Now let me think 
about; Aha! Now this is interesting. I 
imagined; I recalled my idea of the square 
spring and the square is sort of like a 
circle and I wonder . . . what if I start 
with a rod and bend it once (places hands 
at each end of rod in Figure 8 and 
motions as if bending a wire) and then I 
bend it again? 
What if I produce a series of successive 
approximations to . . . the circle by 
producing a series of polygons? Maybe 
that would clarify because maybe that, 
that's constructing a continuous bridge, or 
sort of a continuous bridge, between the 
two cases [the rod and the coil]. Clearly 
there can't be a hell of a lot of difference 
between the circle, and, say, a 
hexagon. . . . 
. . . or even a triangle . . . square . . . 
(draws hexagon in Figure I I). . . . Now 
that, a [hexagon] is essentially a circle. I 
mean, surely springwise that [hexagon] 
would behave pretty much like a circle 
does. 

Section 3: Torsion Discovery 

Now that's interesting. Just looking at 
this it occurs to me that when force is 
applied here, you not only get a bend on 
this segment, but because there's a pivot 
here (points to X in Figure 1 I), you get a 
torsion effect. . . . 
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122 S2: Aha! Maybe the behavior of the spring 
has something to do with twist (moves 
hands as if twisting an object) forces as 
well as bend forces (moves hands as if 
bending an object). That's a real 
interesting idea. . . . That might be the 
key difference between this [bending rod] 
which involves no torsion forces, and this 
[hexagon]. Let me accentuate the torsion 
force by making a square where there's a 
right angle. (Draws Figure 12). I like 
that. A right angle . . . that unmixes the 
bend from the torsion. 

123 S2: Now . . . I have two forces introducing a 
stretch. I have the force that bends 
this . . . segment [I] and in addition I 
have a torsion force which twists 
[segment 21 at vertex, um, X . . . [in 
Figure 121 (makes motion like turning a 
doorknob with one hand). 

Section 4: Subject Evaluates and Adopts Square 
Coil as a Preferred Model of the Spring 

129 S2: (b) . . . Does this (points to square- 
shaped coil) gain in slope-toward the 
bottom? . . . 

130 S2: (c) . . . Indeed we have a structure here 
which does not have this increasing slope 
as you get to the bottom . . . (e) it's only 
if one looks at the fine structure; the rod 
between the Y and the X, that one sees 
the flop effect [downward curvature]. 

132 S2: (b) . . . Now I feel I have a good model 
of sp- of a spring. . . . Now I realize the 
reason the spring doesn't flop is because 
a lot of the springiness of the spring 
comes fmm torsion effects rather than 
from bendy [sic] effects. . . . 

133 S2: And now I think I can answer the srretch 
question firmly by using this . . . square 

model of the spring. What does it mean, 
in terms of the square model, to increase 
the diameter of the spring? . . . Now 
making the sides longer certainly would 
make the [square] spring stretch more. 
How can you tell? 
(a) Physical intuition . . . and also 
recollection . . . the longer the segment 
(moves hands apart) the more the 
bendability (moves hands as if bending a 
rod). . . . (h) Now the same thing would 
happen to the torsion I think, because if I 
have a longer rod (moves hands apart), 
and I put a twist on it (moves hands as if 
twisting a rod), it seems to me-again 
physical intuition-that it will twist 
more. . . . 
. . . So . . . doubling the length of the 
sides . . . it will clearly stretch more. 
Both for reasons of torsion and for 
reasons of the segment [bending]. 

Section 5: Subject Comments on His 
increased Understanding 

And my confidence is now 99% . . . I 
now feel pretty good about my 
understanding about the way a spring 
works although I realize at the same. time 
I could be quite wrong. Still, there seems 
to be something to this torsion business; I 
feel a lot better about it. 
Before this torsion insight, my confidence 
in the answer was 95% but my 
confidence in my understanding of the 
situation was way way down, zero. I felt 
that I did not really understand what was 
happening; now my confidence in the 
answer is near 100% and my confidence 
in my understanding is like 80%. 

Analysis o f  Transcript 

Models Used by S2. A hypothesized outline of 
the cognitive events producing S2's new under- 
standing in this last section is shown in Figure 14. 
The figure shows hypothesized "snapshots" of a 
series of S2's final models as they develop over 
time, with solid lines showing confumed analogy 
relations, and dotted lines showing tentative analo- 
gy relations. Poorly understood situations are 

shown in dotted boxes with well-understood situa- 
tions shown in solid boxes. 

Figure 14A (Line 81): S 2  has already reduced the 
spring situation to  the equivalent single circular coil 
situation as shown by the solid line labeled (1) in the 
diagram. Also there is a tentative analogy relation 
shown as a dotted line labeled (2), from the single 
coil t o  the well-understood bending rod model. 

Figure 14B (Line 117): S 2  then recalls his idea of 
a square spring and generates the model of a hex- 





agonal coil. In his words, this is "constructing a 
continuous bridge, or sort of a continuous bridge, 
between the two cases [the rod and the circular 
coil]. "4 

Figure 14C (Line 121): While analyzing the hex- 
agon in terms of bending effects, it occurs to him 
("Aha!") that there will alsobe twistingeffects. At 
this point, he shifts to the simpler square model. 

Figure 14D (Line 123): By the final stage, S2's 
understanding of the underlying structure that 
makes a spring work has changed significantly. He 
now appears to have a mental model of the spring as 
working like a square coil that contains elements 
that bend and twist. His physical intuitions about 
the difficulty of (1) bending and (2) twisting a long 
rod versus a short one seem to play a role similar to 
axioms; they are basic assumptions on which the 
rest of his conclusions are founded. 

In the discussion that follows, I will refer to the 
square, the hexagonal, and the many sided coil 
models collectivelv as uolvnonal coil models. To 
anticipate, some ok theconchions I wish to draw 
from this examole. in the remainder of this chapter, . . 
are the following: 

1. The recognition of torsion in the polygonal 
coil is a significant scientific insight in S2's 
attempt to understand the spring. 

2. S2 uses analogies to invent a model for how 
the spring works in the form of the polygonal 
coil. 

3. This model can be classified as an explanato- 
ry model as opposed to an expedient model 
because it proposes torsion as a causal factor 
actually operating in the spring. 

4. S2 produces models and insights via a suc- 
cessive refinement process of hypothesis gen- 
eration, evaluation, and modification or re- 
jection. S2's process is noninductive. 

5. The model generation process here is neither 
a pure eureka phenomenon nor a simple, 
smooth, methodical buildup of information. 

6. Several divergent processes are used in gener- 
ating hypotheses. 

7. The recognition of an anomaly setsup a ten- 
sion condition that "drives" the dialectic 
process, and that is partially analogous to the 

'The idea of "bridging" between analogous cases with a new 
intermediate analogous case is an inte~t ing  nonempirical 
strategy in itself for evaluating the validity of the analogy rela- 
tion between two cases and is discussed in Clement (1986). 

PART IV APPLICATIONS 

tension between an existing paradigm in the 
face of anomalies in science. 

Insigbt Bebaviw. The short transcript excerpts 
displayed here do not convey the fact that the sub- 
ject spent a considerable period of time (about 25 
minutes) alternately questioning and trying to justi- 
fy the initial bending rod model of the spring. Fol- 
lowing this frustrating struggle, the invention of the 
polygonal coil with the subsequent torsion discov- 
ery is a candidate for being termed a significant 
scientific insight for several r e a s o n ~ . ~ F i t ,  the idea 
is productive in the sense that it leads immediately 
to a considerable amount of cognitive activity. In 
fact, one is given the impression of a "flood" of 
ideas occurring immediately afterward. Progress is 
made rapidly, as if the polygonal coil idea were a 
"trigger" that stimulates a series of further ideas. 
Second, the torsion idea appears fairly quickly, 
with little warning. Third, the subject changes his 
hypothesized model of stretching-by considering 
torsion the subject introduces a new causal factor 
into the system. Torsion constitutes a very different 
mechanism from bending for explaining how the 
spring resists stretching. (S2 is the only subject out 
of 10 studied who clearlv progressed from no - -  - 
awareness of torsion in the spring to an understand- 
ine of it as a factor.) Fourth. the subiect savs that he . - 
is now able to resolve the paradox of the apparent 
lack of bending in a helical spring and states that he 
feels he has achieved an increase in his understand- 
ing of the system. Of course, his "theory of 
springs" could be developed further beyond the 
polygonal coil idea, but the fact remains that this 
model is a significant advance over the bending rod 
modek6 Fifth, the subject reacts emotionally to his 

There are actually two pslts to this insight: the consauction of 
the polygonal coil, and the recognition of torsion in the coil. 
The fmt part makes possible the second pazt, and both are 
accompanied by "aha's." The first pm constitutes the g e m -  
tion of a new representation for the target problem; the second is 
the new activation of a principle that can be applied to the new 
representation. In much of the discussion that follows, it will be 
convenient to treat these together as a single insight. 

61n fact, twisting is the predominant source of stretching in a 
helical spring. The idea that the spring wire bends is also par- 
tially correct. By imaginingthe extreme case of asingle circular 
coil of a sgring stretched out into an almost straight wire, one 
can see that stretching produces some unbending as it removes 
the circular curvature originally put into the wire when it was 
wiled. However, there is no bending in a vettical plane. Twist- 
ing in the square wil  caodso be used to predict that the stretch 
varies with the cube of the coil diameter. 
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ideas, calling them "interesting" and exposing a 
"key difference," as well as producing some em- 
phatic "aha" expressions with a raised tone of 
voice. Later in this chapter, I will attempt to formu- 
late a more careful definition for the term insight 
that is motivated by these factors. 

The Formation of an Explanatory Model via 
Analogies 

Explanatory versus Nonexpkamtory Models. 
As discussed earlier, philosophers of science have 
developed an important distinction between explan- 
atory models and either empirical law hypotheses or 
formal quantitative principles, as shown in Figure 
3. It will now be useful to specify a more precise 
definition for the term explanatory model in order to 
say whether S2 has developed one. Recall the pro- 
posal to use the term model to refer to a cognitive 
structure M, where the subject believes there is a 
predictive analogy between some important rela- 
tional aspects of the model M and some aspects of 
the target situation T. One kind of model then is 
merely an expedient and often temporary analogy 
that predicts some aspects of the target's behavior. 
M may happen to behave like T, and therefore pro- 
vide a way of predicting what Twill do. Such an 
expedient model may not provide a satisfying ex- 
planation for why T behaves as it does. M may say 
nothing about the underlying process that explains 
T's behavior. An explanatory model, on the other 
hand, should explain how T works, leading to a 
feeling of "understanding" T. 

S2 makes a clear distinction between confidence 
in his a m e r  to the problem and confidence in his 
understanding of the spring: 

144 S2: . . . There seems to be something to this 
torsion business; I feel a lot better about 
it. . . . 

178 S2: Before this torsion insight, my confidence 
in the answer was 95% but my 
confidence in my understanding of the 
situation was way way down, zero. I felt 
that I did not really understand what was 
happening; now my confidence in the 
answer is near 100% and my confidence 
in my understanding is l i e  80%. 

This perceived increase in understanding is one in- 
dication that the polygonal coil has become an ex- 
planatory model for the subject, not just an expedi- 

ent analogy for generating the answer to the 
problem. (Karmiloff-Smith and Inhelder, 1975, 
have documented a related distinction in children's 
thinking.) 

Hesse (1967) and Harre (1972) identified two 
types of scientific analogue model: (1) a model that 
shares only its abstract form with the target (Hesse 
cites hydraulic models of economic systems as one 
example); I call this an expedient model; and (2) a 
model that has become in Harre's terms a "candi- 
date for reality ,' ' in which a set of material features, 
instead of only the abstract form, is also hypoth- 
esized to be the same in the model and in the target 
situations. I will refer to the latter type of model M 
as an explanatory model (or structural hypothesis), 
Me, if some of the basic objects, attributes, and 
concrete relations in M are hypothesized by the sub- 
ject to be part of T and to underlie the behavior of 
interest in T. 

This ordinarily means that the subject can attain 
some degree of ontological commitment to (belief 
in the reality of) Me if empirical and rational support 
are obtained for it. Me is thought of as a hidden 
structure within T that provides an explanation for 
T's behavior. Usually Me contains some entities 
that are initially not directly observable or obvious 
in Tat that point in time. 

This concept helps to account for the remarkable 
ability of scientists to formulate and propose hidden 
structure and processes in nature before they are 
observed more directly, such as atoms, black holes, 
and the "bending" of light rays. An explanatory 
model can allow the scientist to see a phenomenon 
in a new way via an analogy to a hypothesized 
visualizable structure that is considered to be hid- 
den in the target situation to be explained. This is 
something that empirical law hypotheses cannot do. 

In the case of the present protocol, the polygonal 
coil qualifies as explanatory, because the subject 
believes that twisting and bending effects may actu- 
ally be operating in the spring wire to produce its 
behavior. Twisting and bending are concrete fea- 
tures, but they are not ordinarily observed in 
springs. In this sense, the model expresses for the 
subject a hypothesis concerning the hidden struc- 
ture underlying the way stretching produces defor- 
mation and restoring forces in the spring wire. Fur- 
thermore, the square coil model removes the 
anomaly of a potentially critical dissimilarity in the 
original bending rod model-that of the lack of 
cumulative bending in the spring. All these factors 
presumably increase S2's feeling of understanding 
and of having a satisfying explanation for the be- 
























