v Tirosh, D. (Ed.), Implicit and explicit knowledge, Hillsdale, NJ:
- &blex Publishing Corp, 1994.

Use of Physical Intuition and Imagistic Simulation
~In Expert Problem Solving

John Clement

University of Massachusetts

Introduction

Overview '
It is quite natural (o suppose that the knowledge used by experts in scicnce is
absteact and that the knowledge used by novices is concrete. This chapter discusses
evidence from thinking-aloud case studies that indicates that part of the knowledge
used by expert problem solvers consists of concrete physical intuitions rather than
- abslract verbal principles or equations. This evidence also indicates that the role of
these intuitions is not restricted to a ‘‘start-up’’ role in a brief period at the
beginning of (he problem solution—in particular they can play the important role of
anchoring assumptions that underpin explanations constituting the subject’s central
understanding of a system. The case study examples focus on a number of obsery-
able behaviors in transcripts, including imagery reports, depictive hand motions,
and references to using intuition. In many cases, these co-occur with predictions or
conclusions about the problem situation.

Hypothesized cognitive structures and processes that can account for these
behavior palterns will be proposed. A current limitation of most theories conceming
the use of imagery in thinking is the focus on images of objects rather than of
actions. ! will hypolhesize the use of dynamic imagery in conjunction with percep-
wal motor schemas in order (o account for cases where (he subject appears to be
“running an imagistic simulation’’ of an event on the basis of a physical intuition.
In this model, new knowledge can be derived from an imagistic simulation that does
not depend on inferences from chains of wordlike symbols. Evidence will also be
presented indicating that imagistic simulation can be used to make knowledge that is
implicit in a physical intuition more explicit. Thus the chapter attemps to outline an
initial framework that describes basic relationships between physical intuitions,
imagery, imagined actions, implicit knowledge, and mental simulation. The inlu-
ilions discussed here are very basic, involving only one or two causal relationships.
Whiereas a good deal of prior theoretical work in artificial intelligence has been done
on complex funns of simulation involving inferences on chains of causes with many
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links (e.g., de Kleer & Brown, 1983; Forbus, 1984), very little attention has been
given (o the nature of the underlying elemental simulations in humans involving a
single causal relationship. Descriptions of processes involved in elemental mental
simulations may provide a foundation for helping us understand more complex
processes such as scientific explanation and thought experiments.

Concrete Versus Abstract Knowledge in Experts
Expert knowledge is commonly described as predominantly abstract. For example,
Chi, Fellovich, and Glaser (1981) state that expests in physics use

abstract physics principles to approach and solve a problem representation. (p. 121)

The early stage of problem solving (the qualitative analysis) involves the activation
and confirmation of an appropriate principle-oriented knowledge structure . . . [that}
provides the general form that specific equations (o be used for sotution will take. (p.
149)

Here the authors are referring to principles such as energy conservation, which,
although they can be expressed at a qualitative level, are highly abstract in the sense
of being very general and nonconcrete, in addition to being strongly associated with
mathematical expressions. Novices, on the other hand, ‘‘base (heir representalion
and approaches on the problem’s lileral features” (p. 121) and are ‘‘lacking
abstracted solution methods’ (p. 151). They also observe that experts classify
homework problems on the basis of abslract principles, in contrast to novices, who
tend to classify problems on the basis of concrete physical features.

This focus on abstract principles appears to conflict with some retrospective
reports of scientists, such as the following one collected from Einstein by Hada-
mard:

The words or the language . . . do not seem to play any role in my mechanism of
thought. The . . . elemients in thought arc certain signs and more or less clear images
which can be ‘““voluntarily’’ reproduced and combined. . . . The desire to amive
finally a1 logically connected concepts is the emolional basis of this rather vague play
... but . .. this combinatory play seems to be the essential feature in productive
thought—before there is any connection with logical construction in words. . . . The
above mentioned elements are, in iy case, of visual and some of muscular type.
(Hadamard, 1945, pp. 142-143)

Here Einslein appears to emphasize the role of concrete imagery in thought experi-
ments rather than abstract logical principles in his most productive thinking.
Although Einstein is undoubtedly making an honest and insightful statement here,
one strength of the Chi study is that it is based on real-time observations of problem
solving, including thinking-aloud data, rather than a retrospective self-analysis.
This motivates the present study of expert thinking-aloud data that documents the
use of concrete physical intuitions. Findings from this study argue that a predomi-
naut focus on abstract principles in expert thinking is not always appropriate and
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that concrete physical intuition schemas can play an important role as well. In the
conclusion 1 discuss whether these two contrastling views are in any way reconcil-
able. Although concrete intuitive knowledge structures may be considered by some
to be unsophisticated, 1 suggest that they can play a significant rolc in expert
thought and provide the foundation for important kinds of explanation.. diSessa
(1983, 1985) has referred to such conceptions as phenomenological primitives. For
example, one may believe that, in general, one must exert more force or effort to
throw an object at a high speed than at a low speed. In this chapter I refer to such
conceptions as ‘‘elemental physical intuitions.’’ Studies in this area are also moti-
vated by recent studies in the history of science on the important cognitive roles
played by (a) actions involved in experimental practice (Gooding, 1990; Tweney,
1986) and (b) imagery (Miller, 1987; Nersessian, 1984; Nersessian & Greeno,
1990; Qin & Simon, 1990).

Outline of the Chapter

After describing data collection methods, [ first present some examples of the use of
_physical intuition by expert problem solvers and identify some observable behaviors
_ -in transcripts, including reports of using intuition, depictive hand motions, and
spontaneous reports of using imagery. Additional examples are then analyzed as 1
discuss specific topics under the following section headings: working definition for
an elemental physical intuition; imagery reports and imagistic simulation; physical
intuition schemas; implicit knowledge and physical intuitions; knowledge as action;
and can physical intuitions and simulations play an important role in expert thought?

Data Collection Method

Ten subjects were asked to solve the *‘Spring Problem’’ shown in Fipure 9.1.
Subjects were told that the purpose of the interviews was to study problem-solving
methods and were asked (o think aloud as much as possible during the solution
attempt. All were advanced doctoral students or professors in technical fields. By
“‘expert problem solver’ in this context, I mean a person who is an experienced
problem solver in a technical field. Most subjects were not experts on the specific
content domain of the theory of static forces in springs. Subjects were given
instructions to solve the problem ‘‘in any way that you can’’ and were asked to give
a rough estimate of confidence in their answer. Probes by the interviewer were kept
to a minimum and usually consisted of a reminder to keep talking. Occasionally the
interviewer would ask for clarification of an ambiguous report. All sessions dis-
cussed in this chapter were videotaped except subject S5, who was audiotaped. The

correct answer {o the spring problem is that the wide spring will stretch farther. -

The subjects’ solutions were up to 90 minutes long and contained a number of
different types of nonformal reasoning. The main purpose of my account here is to
document a set of examples of the use of physical intuition and to develop some
initial hypothesized constructs for describing and classifying the underlying pro-
cesses. | attempt to provide an in-depth view of the phenomena by concentrating on
examples from the protocols of four subjects.
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SPRING PROBLEM

A WEIGHT 1S HUNG ON A SPRING. THE ORIGINAL SPRING IS
REPLACED WITH A SPRING:
--MADE OF THE SAME KIND OF WIRE.
--WITH THE SAME NUMBER OF COILS,
-~BUT WITH COILS THAT ARE TWICE AS WIDE IN DIAMETER.

WILL THE SPRING STRETCH FROM ITS NATURAL LENGTH, MORE, LESS, OR
THE SAME AMOUNT UNDER THE SAME WEIGHT? (ASSUME THE MASS OF THE
SPRING IS NEGLIGIBLE COMPARED TO THE MASS OF THE WEIGHT.)

1

WHY DO YOU THINK SO?

(1) (2)

.
 STRETCH
1

Figure 9.1, Spring Problem

It is important to distinguish between descriptions of the external observable
behavior of the subject (such as a spontaneous reference to using intuition or
imagery) and hypotheses about internal cognitive structures and processes. There-

fore | begin with a discussion of some observable behaviors that suggest the vse of
physical intuition.

inftial Examples of Intuition

I first consider two of the simplest examples of a solution approach that appears to
rely on the direct application of a physical intuition. The first is from the solution of
an expert in mathematics and computer science referred to here as S2. The actual
protocols for difficult problems are quite fong; therefore, 1 present verbatim seg-
ments of protocols here. Numbers indicate the position of an excerpt in the protocol. -

05 52: F'm going to try to visualize it 1o imagine what would happen—uh, my guess
would be that it {the larger spring) would stretch more—my guessis . . . a kind
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of a kinesthetic sense that somehow a bigger spring is Jooser. Umm, that's high
uncertainty.

Here the subject refers to visualizing the spring; this is an example of what 1 call a
spontaneous imagery report. He also refers to a **kinesthetic sense,’ indicating that
he is thinking about muscle movements, or the sensation of muscular effort.
Although the subject makes a definite prediction here, his certainty in this predic-
tion is low. '

Occasionally subjects provide evidence that an intuition is based on a specific set
of experiences with physical phenomena. The following example comes from the
solution of a research physicist, S1.

027 S1: Youdon't have to know any formulas (o see that it’s;—Why would [ bet that
. it’s more? [the streich of the wider spring) Not because I've analyzed the
physics. Because when 1 sit there and see that spring, and now 1 take the same
wire and make a big spring like that and put my weight on it, God almighty!

Of course it goes way down. You know. How could it do otherwise?

028 S1: So that's just a malter of almost ub—I've wound springs you know in the
shop, and that’s a seat-of-the-pants feeling 1 would trust beyond any of it. So
if you asked how much will I bet uhh, on the answer that it streiches more
than the same length, I would bet a thousand to one.

Here the subject indicates that he is very confident in his intuition. To counter the
idea that physical intuitions are used only by those who lack more formal reasoning
capabilities, it should be noted that this subject is a Nobel laureate in physics.

Intuition Reports

S1 refers to a *‘seat-of-the-pants feeling’’ as the source of his prediction. Both this
and subject $2's excerpt contain an example of what I refer to as a physical intuition
report, where the subjects report using an *‘intuition’’ or use terms that indicate
they are proceeding primarily on the basis of a nonformal *‘fecling”’ or “‘sense’’ of
what will happen (o a physical system.

S| later goes on (o the more advanced problem of making a quantitative
prediction for the amount of change in the stretch of the spring. However, for the
original qualitative problem of concem in this chapter, he indicates that (a) he relies
on a physical intuition to think about qualitative features of the problem; and (b) he
trusts those intuitions in this case as much or more than his formal knowledge of
physics for this problem. The subject’s statement that he has wound springs in the
lab provides evidence that the intuition is at least partly an abstraction from
experience in manipulating physical objects. (Other subjects had had much less
experience with springs, and for them the qualitative question of whether the wide
spring stretches more was more challenging.)

Use of the term “physical intuition.” In natural language the word *‘intuition*’
unfortunately has multiple meanings. Schon (1981) sorted through a number of
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these meanings and pointed to some common ambiguitics, some of which stem
from using the tcrm to refer to both elemental knowledge structures and complex
nonformal reasoning processes. Attetpts to analyze a considernble number of
expert protocols involving qualitative knowledge and reasoning have fed me to the
position that it is useful to separate these two meanings of the term. | will therefore
avoid the latter use here, so that | will not use the term *‘physical intuition** for
reasoning processes such as induction, analogical reasoning, or heuristic stratcgies
for problem solving. Instead, I focus on elemental knowledge structures secn as
basic units of knowledge. [ call these '‘elemental physical intuitions.”” The two
examples given so far appear to involve clemental physical intuitions. Fischbein
(1987) surveys uses of intuition in mathematics. (Throughout the remainder of this
chapter, when [ use the term “intuition”’ I mean an elemental physical intuition.)

Theoretical Overview

With these initial examples in mind, here 1 give a preview of the theoretical
concepts and general framework to be proposed. { hypothesize that the subjects
possess knowledge structures called elemental physical intuitions that are concrete
and self-evaluated, have modest generality, and stand without further explanation or
justification. A physical intuition is thought of here as an expectation with the
previously mentioned properties that is embodied in a schema. The word schema
has been used for knowledge structures of many different sizes, and here | have in
mind smaller structures that might, for example, embody one or two causal relation-
ships. ,

Reports of using intuition are often accompanied by hand motions or reports of
using imagery. The imagery reported is not just visual imagery but somelimes also
kinesthetic and can involve imagined actions. In particular, many of the examples to
be discussed in this chapter appear to involve perceptual motor or action schemas
where subjects imagine acling on objects with their hands in order to simulate the
effects of forces on a system. Presumably these intuitions have developed from
prior experiences in acling on physical objects in the world.

An important obscrvation is that imagery reports can co-occur with subjects’
predictions about a system. I account for this observation by hypothesizing that
subjects are running through an elemental imagistic simulation wherc a schema
assimilates a mental image of a particular situation and operates in **dry run’' mode
to produce expectalions about its behavior. I also propose that subjects can focus on
features in such a simulation that were previously not consciously attended to, or
not described, thereby converting implicit knowledge into explicit knowledge.

Elemental Intuitions as Knowledge Structures

In both transcript excerpts previousty presented, the subject’s expectations do not
appear to follow from more elementary propositions; they themselves appear to be
ideas for which the subject has no immediate justification or explanation. This
suggests that the ideas are primitive or elemental, rather than built on other more
elemental ideas. A third example occurs in the following excerpt from S3, who is an
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advanced Ph.D. candidate in computer science and has worked as an electrical
engineer. Immediately after reading the problem, S3 proceeds as follows:

008 53: Well right off the bat | have no idea. Umm, and my first thought is that the
length . . . of the coil spring belng greater (traces circles in air with finger
spiralling downward) and the strength of the metal being the same means that

there's going to be kind of more leverage for bending lin the wider spring]. -

009 S3: And that therefore it's going to hang further down. And that’s pretty much
strictly an intuition based on my familiarity with metal and with working with
metal. . . . Let me just think through that . . .

010 ° 53: (Draws long and short horizontal rods) . . . And my intuition about that is that
if you took the same wite that was fastened on the left here [short horizontal
rod] and doubled the length and hung some weight on it, that the same
material uh, with some weight on it, would bend considerably farther . . .

019 53: Wt would seem that that means that um, that back in the original problem, the
spring in picture 2 |the wider spring] is going to hang farther; it's going to be

. stretched more.
© 02! §3: ...and | have a confidence of about 75% . . .

022 S§3: . ..1have a great deal of confidence that Da {the displacement of the fong
rod] is greater than Db |the displacement of the short rod] in any case. | would
say 100% confidence.

S3 generates the analogous case of bending long and short horizontal rods and
decides that the longer one will bend more. The intuition reports in lines 009 and
010 suggest that he was using an elemental physical intuition to reach this conclu-
sion. He then makes an inference by analogy that the wider spring will stretch more.
As shown by the solid square in Figure 9.2, 83 has 100% confidence in this
intuition that the long rod will bend more, but only 75% confidence in the validity
of the analogy relation between the spring and rod cases. Thus, applying the
elemental intuition 1o the rods and subsequently making inferences about the spring
by analogy can be viewed as two separale processes.

Although it is very interesting that a conclusion from intuition can be transferred
by analogy to another case, | want to focus in this chapter on the nature of elemental
intuitions as knowledge struclures, rather than on the separate issue of analogical

+

[ It
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{ ir' 75% = u
N

100%

Figure 9.2. Confidence Levels for Elements of $3’s Bending Rod
Auaslogy

Physical Intultion and imngistic Shnulotion 211

rensoning. The nature of spontancous analogical reasoning amd other nonformnd
reasoning strategics is a large issue in its own right (Clement 1982, 1986, 1988a,
1988b). Thus, for S3, 1 wish to focus on the right hand square only in Figurc 9.2,
that is, on the question of how an elemental intuition can he used directly on a given
case, such as the bending rod, ta obialn a prediction, In this case his intultion about
the bending rod scrves as an assunption on which his explanation is grounded—a
basic assumption that is not further justified, but that is used as the basis for later
inferences.

Observable Properties Assoclated with Physical Intuitions

On the basis of transcripts like those presented, one can point to a basic cluster of
phenomena that suggests the existence of elemental physical intuitions as a type of
natural cognitive structure. But how should one define the terin *‘physical intu-
itions’'? Are they nonabstract? Unconscious? Indescribable? Can they be taught, or
should they be sclf-constructed? | will propose a definition after listing some
obscrvable properties from the transcripts. )

Intuition reports. In thinking aboul a physical system, subjects somelimes
spontaneously report making a prediction based on an intuition. However, we
camnot attach too much importance to a subject’s use of the term, since, for
one thing, its meaning in natural language is so broad and vague. Thus, this
observation should probably be used only in conjunction with others.
Unexplained, unjustified. Subjects speak of a physical intuition as a starting
point without a need to have it be further justified or explained.

Modest generality. The situation referred to by subjecls is often more general
than the memory of a specific incident. The terms they use refer to a broader
class of phenomena. As diSessa (1983) points out, however, the degree of
generality is not nearly so large as that of the concepls used in Newtonian
mechanics.

Self-evaluated. Subjects indicate that they are evaluating their confidence in
an intuition based on criteria that are internal; they do not refer to an external
authority as the source of support for the intultion.

Oriented to concrete objects. Subjects usually speak of an intuition as refer-
ring directly to objects and physical phenomena, not to absiract equations.

One of the intended purposes of the body of case study data being presented here is
to demonstrate the presence of these observable properties and to provide something
like an initial ‘‘existence proof’ for them.

Working Definition for an Elemental Physlical Intuition

The foregoing observations form a foundation for the definition given below—
basically a hypothesis proposing the existence of a particular type of internal
knowledge structure. Of course, any definition is partly a matter of choice; the goal
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here is to construct a definition that will be as useful as possible in constructing an
explanatory cognitive model. .

diSessa refers to certain kinds of intuitions as *‘phenomenological primitives’’
and proposes some of their propertics, based on interviews with physics students.
Phenomenological primitives are “relatively minimal abstractions of simple com-
mon phenomena’’ that *‘stand without significant explanatory substructure or justi-
fication™* (diSessa, 1983, p. 15). A physical intuition can be activated by a process
of “‘recognition”’ that is left as a yet-to-be-explained process. He proposes that
physics expertise is partially built on phenomenological primitives, but that these
primitives have in many cases been modified, reorganized, and made more precise.
1 use the terin **clemental physical intuition’* here in a way that shares many of the
features of a phenomenological primitive, including the following ones.

. Knowledge structures. Physical intuitions are knowledge structures that reside
in long-term memory and can be activated to provide an interpretation of or an
expectation about a physical phenomenon.

Elemental. They are elemental in the sense that the subject does not feel a
need to explain or justify them on other grounds.'

General. As kiowledge structures in long-term memory, physical intuitions
assimilate a certain range of other representations such as members of a
certain class of perceived objects. In this sense they are abstractions with a
certain degree of generality, although nalve intuitions are typically not nearly
as general as scientific theories.

The observable behaviors of experts listed earlier provide some support for these
features. In addition to the features identified by diSessa, | would also point to some
other characteristics of physical intuitions that are supported:

Intrinsic or self-evaluated. References to confidence levels indicate that a
subject’s level of belief in a particular physical intuition can be strong or
weak. Thus, while some intuitions can carry low levels of confidence, an
impottant point is that some can carry very high levels of confidence, even
though they are not explained or justified further by empirical or rational
means. These intuitions have something like the status of a self-evident truth
for the subject.

However, these references to confidence levels, whether high or low, also
suggest that the subject’s ideas are to some extent intrinsic. That is, strength
of belief in a physical intuition is determined largely via internal criteria rather
than being dependent on the evaluation of an authority. The idea ‘‘'makes
sense’’ to the subject (o a certain extent. For example, the subject does not say

"1t Is possible that intuitions can be assembled into more complex structures, such as scientific
models, involving several intuitions. Such structures will be referred to here as models grounded in
Intuition but not as clemental intuitions in themselves.
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““ remember my physics tcacher saying that . . ."* but rather '] have a fairly
strong feeling that . . .”" Effectively, this criterion eliminates rote learning as
a source of intuitions.

Concrete. The object-oriented examples discussed here suggest that an cle-
mental physical intuition provides ‘‘direct”’ knowledge of the behavior of a
physical object or system—knowledge that docs not depend ou a formal
symbol system. This Is in contrast to the usc of a symbolic mathematical
expression, which would be indirect in the sense that it would need to be
reinterpreted to be applied to the physical system. As used here, elemental
physical intuitions are knowledge about objects and manipulations of or
relationships between them. They provide direct expectations about what will
happen, rather than a symbolic result that must be interpreted. They may
stand behind and be used in interpreting formal equations, but they are not
themselves formal equations.

This definition of physical intuition involves some semantic choices, and the
preceding features reflect some conscious decisions. For example, there is not a
requirement that a physical intuition be entirely untutored. This allows for the
possibility that the construction of intuitions can be fostered by certain expericnces
in school, making it possible to frame hypotheses such as: *‘By carrying oul
suggested experiments with pucks on a frictionless air table, students can develop
intuitions about motion in a frictionless environment.” Yet it was stipulated that
physical intuitions must be self-evaluated. This rules out rote lcarning as a source of
intuitions and captures the sense in which they are “‘natural’’ knowledge structures
with intrinsic appeal.

Imagery Repoits and Imagistic Simulation

In this section I present evidence indicating that the use of an intuition can involve
dynamic imagery. Introspectively, we tend (o associale intuition with the use of
imagery. Yet there is a lack of discussion in the literature that relates ihe two. One
source of difficulty here is that most discussions of imagery involve vision alone,
whereas physical intuition often appears to involve imagining actions taken on
objects as well. This raises an important question about the relationship between
intuition, action, and imagery.

To anticipate, the view 1 propose here is that although imagery plays a role in
physical intuition, elemental physical intuitions do not just consist of specific
images. Rather, they involve a general schema, often an action oriented, perceptual
motor schema accompanied by kinesthetic as well as visual imagery.

Imagery Reports
In the cases to be examined subjects spontancously use terms like “Jmagining,”’

“picturing,”” “‘hearing,”” a situation or ‘‘feeling what it’s like to manipulate’’ a
situation. 1 refer to such statements as imagery reports. These reports include
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several sensory modes, including kinesthetic imagery. In contrast to most of the
literature on imagery, | am concerned here with spontaneous imagery reports where
the interviewer does not ask the subject whether an image was used. (The inter-
viewer was careful not to be the first to introduce terms such as *‘image’’ or
“*picture’’ in the interviews.)

Reports of imagery accompanied by a prediction. 1 have already presented
one case containing an imagery report: the first example presented on p. 207 where
S2 refers to “*visualizing’* the spring in order to think about it in transcript line 5.
An important observation that can be made from this transcript is that an imagery
report can co-occur with a subject’s predictions about a system. As another exam-
ple, later in his solution S2 is comparing short and long springs and says:

041 52: I'mimagining that one applies a force closer and closer to the origin (top] of
the spring, and . . . it hardly stretches at all.

>mn“= we see the co-occurrence of an imagery report and a prediction. S2 provides a
‘third example of this kind in the excerpt that follows. At this point he has decided
that a twisting deformation in the wire is one of the consequences of stretching the
spring. (Twisting of the wire and the resulting torsion do in fact play a predominant
role in determining the behavior of a spring.) He is trying to decide what effect
widening the spring will have on the twisting deformation by imagining himself
twisting a straight horizontal rod:

137 §2: ...If1have alonger rod, and | put a twist on it (moves hands as if twisting a
rod, as shown in Figure 9.3), it seems to me—again physical intuition—that it
will twist mote. Uhh, I'm—1 think | trust that intuition.

138 I: Can you stop thinking ahead and just think back on that; what that intuition is
like?

139 S$2: Oh, 1 have a kinesthetic intuition . . . I'm imagining holding something that
has a certain twistyness to it and twisting it.

140 I: MmMm

141 $2: Like a bar of metal or something like that. Ubh, and it just seems lo me as
though it [a longer bar] would twist more.

Figure 9.3. Hand Movement During Imagistic Simulation _.e...mn
(Drawing Is an exact tracing from photograph of video image.)
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llere one can observe a number of the phenomena under discussion: occurrence
of an imagery report (linc 139). and a stated prediction (137, 139), intuition repoits
(137, 139), and depictive hand motions (137). In addition linc 139 is an example of
a dynamic imagery report, where the subjcct describes a situation in an imagery
report as changing with time. Also, the fact that an tmagery report co-ocenrs with an
intwition report provides evidence that the use of physical intuition can involve
imagery. The subject eventually uses this result as a basic assumption or starting
point in order to make inferences about the spring.

imagistic Simulation Processes

llaving considered several examples of imagery reports, some accompanied by
predictions, 1 can now offer some general hypotheses conceming the cognitive
processes (hat accompany these statements. I begin by assuming that subjects giving
imagery reports refer to an experience that has some of the characteristics of
actually perceiving or manipulating actual physical objects. One needs a term other
than **imagery report’’ for this process since that term refers to an observable event,
and one wants to refer lo the unobservable mental process that is the origin of such
reports. The basic hypothesis proposed here is that subjects engage in an imagistic

" simulation process wherein a schema assimilates the image of a particular system

and produces expeclations about its behavior in a subsequent image. | take the co-
occurrence of a dynamic imagery report and a prediction (as described in the
previous section) as providing some evidence that an imagistic simulation is occur-
ring.

Figure 9.4 gives an overview of this process. Here it is assumed that the physical
intuition about how an object behaves is an expectation embodied in a permanent
and somewhat general schema. In the case of S2 imagining twisting a rod, the
imagistic situlation is the process of applying a schema capable of controlling real
actions for the twisting of objects. The schema is applied to a particular image of a
one-foot-long bar of metal. This initial static image may have been generated in a
previous process in period | in Figure 9.4. In period 2, the schema assimilates the
image, ‘‘runs through an action on it,”’ and generates an expectation about its
behavior. (In actuality the subject presumably goes through two simulations with a
short and a long rod here, after which he is able to compare them.) in Figure 9.4 the
terms ‘‘schema,’’ ‘‘image,”’ and ‘‘simulation’’ describe hypothesized cognitive
structures or processes, whereas ‘‘depictive hand motions,"* ‘‘imagery reports,”’
*‘stated predictions,’’ and ‘‘intuition reports’’ are terms for observable behavior
patterns. Time moves from left to right in the figure.

1t is assumed that all of the cognitive processes shown in Figure 9.4 can be
nonverbal in character. Since the subject is asked to think aloud as much as possible
however, there must also be an auxiliary description process that enables the subject
to describe his thinking as or after it occurs. This process is not shown explicitly in
the diagram.?

! Figure 9.4 shows a process for the case where the knowledge stored in the schema is nonverbal. In
cases where explicit verbal rules are already stored with the schema, imagery may not be necessary.
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The best evidence supporting the hypothesis that an imagistic simulation has
taken place would be the co-occumence of all the observable behaviors shown
below the horizontat line in Figure 9.4. However, such evidence is very likely to be
incomplete in any one episode. It would seem improbable for subjects to be so
obliging as to actually verbalize all of these indicators spontancously. Nevertheless

z

.m. a number of such cases were observed, such as the previously cited passage from
av S2, lines 137-141. More often though, without any retrospective probing by the
<8 interviewer, one might expect only an imagery report with a prediction, and most
no

often, simply the prediction.

A

r
" .. m S5's “paint dots on the spring” protocol. In the following example the subject
' ——— e — =] ' v = appears to make repeated attemplts to carry out an imagistic simulation before finally
X . a8 m . .m becoming satisfied. He has already concluded that the wider spring will streich
AL ! mm -1 | more, based primarily on a bending rod analogy very similar to S3's discussed
n " m e x m m M_ carlier. The interviewer then poses a second part of the question that challenges this
wl ! —_—————— ' bax=-k & model of the spring, namely: ‘‘Measurements are taken on a small segments of the
_Mn ) ] spring and it is found that the primary deformation in the segment is a twisting or
' 08 w m. torsion effect around the axis of wire B. How can streiching a spring twist the wire
1 » m i \‘m m m without bending it much at all?’* (A thought experiment not performed by any of the
, ————— g3 m Oxp —or £ subjects, but which may help the reader envision twisting in the spring wire, is to
! . e zjm g5 838 m ¥ imagine streiching a circular ribbon cut out of a piece of paper, as shown in Figure
“ ' 3 . 1 F$.1 M 9.5.) In thinking about this question, S5 imagines puiting ‘‘paint dots’’ on the
o9 ! M 5 E Lz & ' .m ™ spring wire, apparently to help him think about the twisting deformation in the wire.
m i 5 m.l. —_——— mw: .N.w ' g 4 (It was not possible to videotape this interview, therefore there is no data on hand
- m m_n.m mmmmm m wm .m m motions.)
u m_ m m " t.'!m m 4 w 022 S5: ...suppose | had abig spring and | could make little paint dots on il all along
Lo 'wr/n |||||||||||||| J m its length, and then | imagine hanging a weight on the spring and saying you
M know, would I see a lorsional displacement of the paint dots. And what would
h < it look like. And I have a hard time imagining that because you know, the
M o torsional displacements thal come to mind are very small. So it's not a really
m . W2 o m gigantic effect. It’s hard to imagine—you sense thal the twists are going to be
.m. Fy s, 5 C -~ mm & such that the outside of the spring moves down.
a
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216 Figure 9.5. Imagery Allowing One (o See Twisting in Spring Wire
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(Makes drawing in Figure 9.6a of spring with paint dots on wire) . . . I'm just
looking at the very fitst coil, and if | made a line of little dots down the center
of the coil, er, down the outside in the spring in the undeflected position, and
then I put a little weight on—there’s the dots. And then 1 have the impression
that if 1 put the weight on, these dots would twist in this direction er, you
know ’ :

It looks fike it's going (o rotate like that. Um, but now when 1 examine the
actual direction closely, I'm not so sure . . . Uhh, 1 guess . . . it should really
go the other way,

1 was looking at this and | was imagining that the thing er, the spring—going
down; . . .

. . . these coils are gonna move down so that would mean that the twist—
well, . . . it's opposite to what 1 had up there.

{Makes drawing 9.6b.) I guess it's got to be the other way because if 1 kee
there that the coils, because their efongating, that means that the coil wants to
pull down that way . . .

So . . . the other parts are going lo twist such that . . . little dots on the
surface will tend to move up . . .

(Makes drawing 9.6c)

- . . The mass is going down and so now—these portions of the spring——
Hmmmm

+ + - I'm just getting a hard time envisioning what's going on 3- dimensional
space, and 5o I'm having a hard time secing which way this is going to rotate.
Well I want to imagine that the portion here up to the cross section, I want to
say that that’s fixed. So I'm pulling down on the weight or the weight's

(32%

&
.

J .mh&u _

Y

wey/

Figore 9.6. 55’s Drawings for Spring Problem
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pulling itscll down, and that's causing these coils to clongate. I'm teying to
decide how it’s gonna twist this portion of the wire that's coming in ivere . . .

042 55: Swpposc we imagine this to be frictionless, then . . . mnke a nice bearing
thete . . . il you imngine the extremes, if you pull it up and down, this linle
line . . . on the outside of the spring you know, would . . . rotate down till
it's at the bottom.

044 §5: In other words, if 1 had a little frictionless bearing I'm trying to imagine

046 S5: ... 1 guess I'n-1'm quite satisfied with that.

047 §5: . . . yousec that the wire twists in such a way that little portions of the spring
move up and over the spring moving towards the center,

Interpretation of S5's protocol. 85 makes a drawing of the spring in line 24.
What is the role of a drawing here? Does it replace or support internal imagery? One
can argue that it cannot replace the fmagery, since he speaks of the imngining
movements, and the drawings do not move. Thus the drawings most likely play the
role of providing a permanent record of his imagery here, and possibly of helping
supporting it. Also, an initial imagery report and prediction occur at the end of line
22 at the beginning of the section just before he makes the first drawing. This makes
it reasonable to assume that the drawing reflects static features of the subject’s
initial image but does not replace it. Taking this view then, there is evidence for
dynamic imagery co-occurring with prediction in lines 22, 24, 29, 42 and 44-47,
and these processes are probably aided by a perceived drawing.

These interpretations are reinforced by a later, retrospective scction where he
describes how he was thinking when he determined the direction of twisting.
(Retrospective reports should not be given as much weight as concurrent reports,
but they are still a relevant source of data to be weighed alongside other data,
especially when they occur only a short time later.—

072 1: ... Can you describe the kind of thinking you used to actually determine the
direction? Were you thinking of an equation or—

073 §5: Oh, no. This is all er, I think very experimental. What 1 think | have—this
image of this line of paint dots on a spring and you know I'm pulling on the
weight. I'm going to pull and release, pull and release and so I'm constantly
putting it through its paces. And asking you know, how would 1 see the dots
move if I—put it through its paces. And you know originally I had the
direction wrong but then you know now that I've thought about it and . . .
done the mental experiment in my mind a lot, I'm more and more convinced
that the dots move internally and that there is a twist of thal orientation.

Here again we have imagery reports linked to making a prediction, and a clcar
description of the subject’s experience during the simulation process. In addition,
there is evidence for the simulation being a process extended over time, for him
*‘asking questions of "’ the simulation, for the simulation increasing his confidence,
and for his substituting a personal action of stretching for the force of the weight.
Other statements in $5°s protocol that fit the latter interpretation of substituting a
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personal action taclude: (35) **the coll wants to pull®’; (41) **So I'm pulling down
on the weight or the weight's pulling itself down, and that’s causing these coils to
elongate.’’ Taken together, the observations for this protocol fit almost all of the
patterns shown below the horizontal lines in Figure 9.4 and suppoit the hypothesis
that the subject is running through linagistic simulations where one or more gencral
schemas operale on the image of a particular system and produce expectations about
its behavior in a subsequent dynamic image.

In addition, in speaking about having *‘a hard time imagining’’ (line 22) and
“having a hard time envisioning what's gong on [in] 3-dimensional space’’ (line
40), he indicates that the simulation process is not casy here. This implies that it
requires mental concentration and effort, and this is atso implied by the extended
period of several attempts to perform an accurate simulation. The source of tronble
hiere may be the difficulty of applying a schema for twisting to such a strange object,
or difficulty in forming and manipulating a delailed spatial representation of a
hclical spring, or both. The fact that he says **1 want lo imagine'’ the situation, the
fact that it is difficult for him, and the fact that he makes and extended effort to do it
anyway, is evidence that (a) he intends and tries to set up the imagistic simulation as
"an extended process very different from *‘remembering a fact’* and (b) this process
of imagining is important to him as a technique.

S$2's Zig zag spring protocol. In another example S2 says (referring to the two-
dimensional zig-zag spring analpgy in Figure 9.7):

23 52: and when we do |stretch) this, what bends . . . is the bendable bars. . . . and
" that would behave like a spring. | can imagine that it would; | can kines-
thetically pull on it and it would stretch, and you lct it go and it bounces up and
down (waves hand up and down, palm down, fingers cxtended). It does all the

things.

In this example, additional evidence for simulation as a dynamic process occurs
when the subject makes depiclive hand movements that match the actions he is
talking about.

The two main participants in imagistic simulations, a specific image and a more
general schema, are discussed in turn in more detail in the next two sections.

Flgure 9.7, S2's Zig-Zag Spring
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kmagery: Spatial Representations
it is clear that it is not adequate hiere to clalm that subjects simply *‘look’" al a
“‘movie’’ in their heads and **see’’ the resull. This may describe one's introspective
experience, but it is important to attempt to describe the nature of the cognitive
processes (hat give rise to the sense of **seeing’’ (and *‘acting in'*) a “‘movie.”" In
forming explanations here, based on the work of Shepard (1984), Kosslyn (1980),
and others, | will use the idea of a temporary spatlal representation (image) capable
of representing in at least a skeletal manner (a) shapes of objects, (b) spatial
relations among them, and (c) object movements over lime. | assume that this
spatial representation may use some of the brain’s higher level perceplual process-
ing capacity and that various manipulation processes (orienting, transforming and
combining images) are available to the subject (Kosslyn, 1980; Shrager, 1989).
The concept of imagery as an intemnal representation gives one a starting point for
understanding imagistic simulations. But it leaves unanswered the questions of how
new knowledge can emerge from a new combination of an action and an image in an
imagistic simulation. In order to progress further, the concept of physical intuition
schemas is developed in the next section.

Physical Intuition Schemas

Argument for the Presence of General Schemas

In this section 1 give a more detailed argument for the presence of schemas of
modest generality as the source of intuitive knowledge used jn imagistic simula-
tions. How does S3 know that a short rod will bend less than a long one? lHow does
S2 know that it is more dilficult to twist a shorter rod? Where does this knowledge
reside? Occasionally a subject may make a prediction based on an episodic memory
of a specific concrele experience at a particular time in his past, and this process
could also involve dynamic imagery. In most of the cases examined here, however,
the subjects make stalements of a more general nature that do not refer (o a specific
episode in the past. 1 account for this by assuming that the intuitions involved are
not based on a specific episodic memory, but exist as a somewhat more general
form of knowledge-—an expectation for what will happen over a range of circum-
slances.

To return to $2's intuition about the twisting rod, does this knowledge reside
only in the temporary spatial representation (image)? There is reason to assume that
it cannol reside solely in the specific temporary image of the situation currently
under consideration, since in this case the knowledge is presumably more generally
applicable and perianent. Rather, it seems plausible that the temporary image of a
particular rod of a certain length acts in conjunction with a permanent schema for
twisling objects that can assimilate objects of different sizes and shapes and that
embodics the subject’s physical intuitions about twisting. In this particular case the
twisting schema assimilates (is instantiated by) the image of a rod aboul one fool
long. 1t is not assumed that the subject has applied the schema to this padicular
objcct before; in fact, the image of the object may be a newly constructed one. It is
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assumed that the schema is general enough and (lexible enough to allow its
applicalion to a certain range of new objects. This enables one to explain cases such
as the application of a bending schema to novel cases like the zig-zag spring.

Intuitions Are Expectation Relations in a Schema

Such a schema is hypothesized to produce the following cognitive effects in the
subject. An object or situation that satisfies certain preconditions can be seen as
fitting a certain interpretation, and this leads to certain expectations about its
behavior, and in some schemas to expectations about the results of an action
controlled by the schema. An example of an expectation relation in a schema for
twisting objects is the expectation that it takes more effort to twist a shorter object;
in a schema for bending objects an example is the expectation that a longer object
will bend more under the same force. In other words such schemata embody a
structure of relationships between propetties of an assimilated object, the expected
behavior of the object, and in some cases the expected effects of an action that could
be performed on the object by the subject. The model proposed here then is that
physical intuitions are embodied in these relationships, and that one experiences a
conscious physical intuition when one of these expectation relationships in the
schema is an object of conscious attention.

Perceptual Motor Schemas

Presumably imagistic simulations can occur with schemas that are primarily percep-
"tual, as opposed to action oriented, in nature; for example, I can imagine the effects
of a glass of water tipping over in a certain way on a certain part of my desk.
However, 1n most of the examples in this chapter the subject refers to a personal
aclinn, such as the twisting rod example. Therefore 1 will frame hypotheses in the
discussion that follows in terms of the involvement of a particular type of intuition
schema that I will term a **perceptual motor schema.’” I assume that perceptual
motor schemas for twisting and bending objects were built up from the subject’s
prior experiences in acting on many concrete objects. As shown in Figure 9.8, a
perceptual motor schema is hypothesized to contain at least three major sub-
processes: a subprocess for assimilating objects in the environment based on
preconditions that must be satisfied for the schema to apply; a subprocess for
initiating and tuning or adjusting the action so that it is appropriate for this particular
object; and a third subprocess embodying the anticipated results of the action—in
this case, an image of how far the rod will tum.}

Transcript observations were used earlier to suggest four characteristics that a
cognitive structure embodying a physical intuition should have: it should be con-
crete, be self-evaluated, have modest generality, and stand without further explana-
tion or justification. Perceptual motor schemas as previously described would

3 It is not assumed here that the assimilated representation or the anticipation of results are necessarily
discrete symbols. Such an anticipation could take the form of a readiness to assimilate certain perceptual
events rather than being language-like in character.
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Figure 9.8. Perceptual Motor Schema for Twisting Objects (Shows
expectation relations of a longer object requiring less effort to twist [for

same resulting rotation] and more effort leading to greater rotation [for
the same object length).)

typically posses ail of these features, and they are therefore promising candidates
for the cognitive structures embodying these elemental physical intuitions.*

* 1 make no claims that this initial model of perceptual motor schemes is completely sufficient. Here |
have merely attempted to give a preliminary outline of some of the elements that seem to be needed to
explain data of this kind. This builds on the work of Witz and Easley (Witz, 1975), who used perceptual
motor schemas to explain patterns in the play of young children.
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While I have identified schemas with individual intuitions, in more complex
cases there may be several intuitions associated with a single schema, each intuition
being associated with a diffesent expectation relation in the schema. For the sake of
simplicity, in this chapter I somelimes refer (o the mental embodiment of a physical
intuition as an intuition schema. When more precise language is required, 1 refer to
this knowledge as an intuitive cxpectation that is one of the relationships in the
structure of the schema.’

Theoretical and Empliical Support for Perceptual Motor Schemas

Some support for this general perspective can be derived from several sources,
including research on motor controf and brain theory. Piaget (1976) proposed that
very elementary sensorimotor schemas (in his terms, schemes) combine to form
more complex coguitive structures in the child prior to the development of
language. This view is compatible with that of Neisser (1976), who speaks of
schemas as accepting information, directing movement, and providing anticipations
for what will happen in a situation. He points out that even visual perceptual
schemas control actions (e.g., of exploratory eye movements that track objects and
seck new information). A schema coordinates processing over timie at many levels:
sensory, perceptual, cognitive, action, and muscle control. Thus, it is capable of
participating in a continuous proprioceptive interaction with the environment over
fime when active. As Neisser (1976) puts it, schemas involve feed forward units and
efferents as well as receptors and afferents.

.More recent work by authors such as Schmidt (1982) and Arbib (1981) has
further developed the concept of schemas or “programs’* in motor control theory.
Schmidt proposed a theory of motor schemas in his discussions of motor control
programs that involve the capability of coordinating parallel overlapping sequences
of muscle actions over time. He describes such motor programs as general in the
sense that a single program can produce a large variety of responses depending on
the values of certain input parameters. He also refers to expectations that anticipate
the results of the action. From the perspective of brain theory, Arbib (1981) has
emphasized the close coordination of nonverbal perceptual and motor processes as
occurring when motor schemas are activated and assembled in a appropriate order
before any movement occurs. He also proposes the view that a motor schema can
embody a general patiern of actions and expectations with parameters adjusted to a
particular situation in the process of tuning.

In addition, physiological research suggests that the motor control system can be
involved in imaginal activity, cven when no actual movements occur. Jacobson
(1930) (one of the inventors of the clectromyogram) found that for most subjects,
while fylag still, instiuctions to linagine a specific actlvity such as putting on a coal
or pumping a bicycle pump resulted in marked increases in electrical action
potentials of muscle groups that would be involved in the activity.

3 As { discuss leter, than an intultion is only a part of & scheina is also compatiblc with the idcs that an
uincunsclous pait of 8 schema can be made ¢ slous In an haglstic simulation.
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Two of the themes | wish to buitd on then from these researchers are, first, the
idea of a dynamic schema as a structure that can coordinate perceptions and motor
actions over time in a parallel manner, and second, the idea that even though it is
nonverbal and dynamic, such a structure can have at least modest generality and the
flexibility to assimilate and act on new cases via adjustment and tuning. The latter
flexibility is seen as one of the important mechanisms by which an elemental
simulation can produce new knowledge.

Observations from the present transcripts also support the vicw that pereeplual
motor schemas are being used that involve action-oriented knowledge. First, there
are anthropomorphic action reports where subjects describe projecting a manipula-
tive action of their own into the problem situation. For example, reports such as §2,
line 111: “‘I'm visualizing what will happen when you just take this single coil and
pullt down on it and it stretches, and it stretches . . ."" occur where the subject
replaces the weight pulling on the spring with the pulling force of his hand (see also
S5, lines 41 and 73, pp. 218-219). This same pattem can also be accompanied by
kinesthetic imagery reporis. Accompanying depictive hand movements (e.g-, Fig-
ure 9.3) are a third form of evidence indicating that perceptual motor schemas are
involved.

Summary: A Model for lmagistic Simulation

In this view the *‘running’’ of certain imagistic simulations involves a permancnt
physical intuition schema (such as a perceptual motor schema for twisting). The
schema assimilates a target object (such as the rod) and drives a temporary scquence
of dynamic imagery involving the target object as shown in Figure 9.4. Although
the schema does this without actually assimilating a real object, it may produce the
associated hand movements. This process involves two major components: a tem-
porary spatial representation that is responsible for the experience of an image ofa
specific (and perhaps newly constructed) cxample, and a more general schema that
is a pennanent resident in memory. Once it has been activated, the schema can
generate expectations about the effects of “‘operating on’’ the objects in the spatial
representation. Thus an imagistic simulation of this kind is not just a *‘playback’’ of
an image; it is the “‘playing out’” of a general action schema interacting with
(adapting to and tuning itself for) a particular imagined example. It involves
imagined actions as well as imagined perceptions. Presumably, once the expecta-
tions have been generated they can be described verbally via a separale process if
sufficient vocabulary is available. Filling in the details of this perspective and
rejecting or suppoiting it with more empirical evidence is an important task for
future research.

Perceptual motor schemas may not be the only kind of extant physical intuition,
but in the examples discussed here they appear (o serve as a simple but important
type, involving knowledge of how personal actions affect objects. However, someé
elemental physical intuitions may derive from schemas that are less action oriented
and more perceptually based. This raises the question as to how widely applicable
the model developed in this chapter is, and I will offer two comnents on this issue.


































