
ia'Tirosh, D. (Ed.), . . . . Hillsdale, NJ: 

. , 
. Ablex ,Publishing Corp, 1994. 9 Physical lnlultlon and lmaglstlc Slmulatlon 

Use of Physical In tuition and lmagis tic Simula tion links (e.g., de Kleer & Brown, 1983; Forbus, 1984), very little attention has k c n  
given to the nature of tlre underlying elenxntal simulations in humans involving a 

in wrt Problem solving single causal relationship. Descriptions of processes involved in elemental nicntal 

John Clement 
University of Massachusetts 

Introduction 

Overview t 
It is quite natural to suplwse that tlre knowledge used by experts in science is 
abstract and that the knowledge used by novices is concrete. This clrapter 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 
abstract verbal principles or equations. This evidence also indicates that h e  role of 
these intuitions is not restricted to a "star(-up" role in a brief period at the 
beginning of the problem solution-in particular they can play the important role of 
anchoring assuniptions that underpin explanations constituting the subject's central 
understanding of a system. The case study examples focus on a nunher of observ- 
able bel!aviors in transcripts, including imagery reports, depictive hand motions, 
and references to using intuition. In many cases, these co-occur with predictions or 
conclusio~~s about h e  problcnr situation. 

flypotliesized cognitive structures and processes that can account for these 
behavior patterns will be proposed. A current limitation of most theories concerning 
the use of imagery in thinking is tlre focus on imagcs of o1)jects rather than of 
actions. 1 will I~ypotltesize the use of dynaniic i~nagery in conjunction with percep- 
tual arotor schetnas i s  order to account for cases where the subject appears lo be 
"running an imagistic simulation" of an event on h e  basis of a physical intuition. 
In dris 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 
iruplicit in a physical intuition wore explicit. l lws tlie clrapler attempts lo outline an 
initial framework that describes basic relationships belween physical intuitions, 
imagery, imagined actions, implicit knowledge, and nrenlal simulation. l11e intu- 
itiolis discussed Irere are very basic, involving only one or two causal relationships. 
Whc~ras a gtnd den1 of prior thcorctical work in artificial inlclligcnce has been done 
OII cotuplex forl~~s of sir~~ulatiol~ it~volviug inferences o11 chains of causes with lilany 
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sinhations may provide a foundation fo; 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. R)r examplc, 
Chi, Feltovich, and Glaser (1981) state that experts in physics use 

abstract physics principles to approach a d  solve a problem representation. (p. 121) 
TI* early stage of problem solving (the qualitative analysis) involves the activation 

and confirmation of an appropriate principle-oriented knowledge structure . . . (Lal) 
provides thc general Con11 that specific equations to be used for solution will take. (p. 
149) 

liere tlie 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 
madrematical expressions. Novices, on the other hand, "base their representation . 
and approaches on the problem's literal features" (p. 121) and are "lacking 
abstracted solution methods" (p. 151). They also observe that experts classify 
homework problems on the basis of abstract principles, in contrast to novices, who 
tend lo classify problems on the basis of concrete physical leitures. 

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: 

Ihe words or the language . . . do not seem to play my role in my mechanism of 
thought. l'lw: . . . clcn~cnts in thought arc certain signs and more or less clear i~l~rges 
which can be "voluntarily" reproduced and combined. . . . The desire to arrive 
finally at logically connected concepts is the emotional basis of lhis rather vague play 
. . . but . . . this combinatory play seems to be the essential feature in productive 
thought-before there is any connection with logical const~ction in words. . . . The 
above mentioned elements an, in my case, of visual and some of muscular type. 
(Iladan~ard, 1945, pp. 142-143) 

Here Einstein appears to emphasize the role of concrete imagery in thought experi- 
ments rather than abstract logical principles in his most productive thinking. 
Altkougl~ Einstein is undoubtedly making an honest and insightful statement here, 
one strengll~ of the Clii study is that it is based on real-time observations of problem 
solving, including thinking-alwd data, rather than a retrospective self-analysis. 
This nrotivates the present study of expert thinking-aloud data that documents tlre 
use of concrete physical intuitions. Findings from this study argue that a predomi- 
nant 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 mle as well. In the 
conclusion I discuss whether these two contrasting views are in any way reconcil- 
able. Alhough concrete intuitive knowledge structures may be considered by some 
to be unsophisticated, I suggest that they can play a significant role in expert 
thought and provide the foundation'for important kinds of explanation. diSessa 
(1983, 1985) has referred to such conceptions as phenotnenological pritnitives. 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 sludies 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). 

Outlirie of the Chapter 
After describing data collection methods, I 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 I 
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 Figure 9.1. 
Subjects were told that the purpose of the interviews was to study problem-solving 
methods and were asked to 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 fitld. Most subjects were not experts on the specific 
content domain of the (heory 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 
lo a minimum and usually consisted of a reminder to keep talking. Occasionally the 
interviewer would ask for clarifwation of an ambiguous report. All sessions dis- 
cussed in this chapter were videotaped except subject S5, who was audidaped. The 
correct answer to the spring problem is that the wide spring will stretch farther. 

The subjects' solutions were up to 90 minu~es 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. I attempt to provide an in-depth view of the phenomena by concentrating on 
examples from the protocols of Cour subjects. 

SPRING PROBLEM 

A HElGlll IS HUNG ON A SPRING, T I E  O R I G I N A L  SPRING IS 
REPLACED WlTli A SPRING: 

--MADE OF TliE SAME K I N D  OF WIRE, 
--WITH THE SAME NUMBER OF COILS, 
--BUT WITH COJLS THAT ARE TWICE AS WIDE I N  DIAMETER. 

WILL TIE SPRING STRETCH FROM f TS 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 Tlf WEIGHT, 1 

WHY DO YOU T H I N K  SO? 

1 STRETCH 

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 I begin with a discussion of some observable behaviors that suggest the use of 
physical intuition. 

Initial 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  froni lhc solution of 
an expert in mallieniatics and computer science referred lo here as S2. The actual 
protocols for difficult prnblenis are quite long; therefore. I present verbatim seg- 
ments of protocols here. Numbers indicate the psition of an excerpt in the protocol. 

05 S2: I'm going to try to visualize it to imagine what wmld harperr-uh. my g~ess 
would be that it (the larger spring) would stretch more-my guess is. . . a k i d  
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of a kinesthetic sense that somehow a bigger spring is Iwser. Utn111, that's high 
unccrlainty . 

Here the subject refers to visualizing the spring; this is an example o f  what I call a 
spontaneous ima(pery report. l i e  also refers to a "kinesthetic sense," indicadng that 
he is thinking about muscle movements, or the sensation o f  muscular effort. 
Altltough the subject makes a definite prediction here, his certainly i n  this predic- 
tiotr is low. 

Occasionally subjects provide evidence that an intuition is based on a specific set 
o f  experiences with physical phenomena. The following example c o n m  from t l u  
solution o f  a research physicist, S1. 

027 S l :  You don't have to know any formulas to see that it's;-Why would I bet that 
it's more? lthe stretch of the wider spring] Nd because I've analyzed the 
physics. Because when I sit then 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 ocherwise? 

028 SI: So Ihat'r just a matter of almost uh-I've wound springs you know in the 
shop, and hat's a seat-of-the-pants feeling I would Wst beyond any of it. So 
if you asked how much will I bet uhh, on the answer that it stretches more 
than the same length, I would bet a thousand to one. 

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

Intuition Reports 
S l  refers to a "seat-of-the-pants feeling" as the source o f  his prediction. B d h  this 
and subject S2's excetpl contain an example of what I refer to as a physical inrrririon 
report, where the subjects report using an "intuition" or use terms that indicate 
they are proceeding primarily on the basis o f  a nonformal "feeling" or "sense" o f  
what w i l l  happen to a physical syslern. 

S I  later goes on to the more advanced problem o f  making a quantitative 
prediction for the amount of change in the stretch o f  the spring. However, for the 
original qualitative problem of concern i~ this chapter, he indicates that (a) he relies 
on a physical intuition to think about qualitative features o f  the problem; and (b) he 
trusts those intuitions i n  this case as much or more than his formal knowledge o f  
physics for this prubletn. Tlu subject's statet~xtlt that he has wound springs i n  the 
lab provides evidence that the intuition is at least partly an abstraction frotn 
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." I n  natural language the word "intuition" 
unfortunately has multiple meanings. Schon (1981) sorted through a nunher o f  

tkcsc nrcanirr~s nnd p)intccl l o  SOIIIC comttion n~ th ip i t i c s ,  solvc of which s l c~n  
frotn using the k r m  to refer to both elemental knowledgc structures and cott~plcx 
nonfor~aal reasoning processes. Attempts to nnnlyzc n consitlcr~~blc t~u~n l rc r  o f  
experl prcflocols involving qualitntive knowledge and reasoning have led nte to t l ~ e  
ps i t i on  that i t  is useful l o  separate these two meanings o f  thc tcnlt. I wi l l  Illcrcforc 
avoid the Irttcr usc I~cre, so thnt I wi l l  not use Ihc ternt "physicnl i ~ ~ t t ~ i t i o ~ t "  for 
reasoning processes such as induction, analogical reasoning, or heuristic stralcgieq 
for prohletn solving. Instead, I focus on elemental knowledge structures seen na 
basic units o f  knowledge. I call dxse "elemental physical intuitions." TIE two 
examples given so far appear to involve elenlentnl physical intuitions. Fischbcin 
(1987) surveys uses o f  intuition i n  mathematics. (Throughout the r e m a i n k  of this 
chapter, when I use the term "intuition" I mean an elemental physical intuition.) 

Theoretical Overview 
With these initial examples i n  nrind, here I give a preview o f  the theoretical 
concepts and general framework to be p r o p o d .  I hypothesize that the subjects 
possess knowledge structures called elemenrol physical irttttitions that are concrete 
and self-evaluated, have modest generality, and stand without further explanation o r  
justification. A physical intuition is thought o f  here as an expectation with the 
previously nientioned properties that is embodied i n  a schema. The word schema 
has been used for knowledge structures o f  many different sizes, and here I have i n  
mind smaller structures Bat  might, for example. embody one or two causal relation- 
ships. 

Reports o f  using intuition are often accompanied by  hatd motions or reports o f  
using imagery. The imagery reported is not just visual imagery but sometimes also 
kinesthetic and can involve imagined actions. In particular, many o f  the examples to 
be discussed i n  this chapter appear l o  involve perceptual nlotor or action schenras 
where subjects imagine acting on objects with their hands i n  order to simulate the 
effects o f  forces on a system. Presumably these intuitions have developed fro111 
prior experiences i n  acting on physical objects i n  the world. 

A n  important observation is that imagery reports c m  co-occur with subjects' 
predictions about a system. I account for this observation by  hypothesizing that 
subjtcts are ~ n n i n g  through an elemental irnn~i.rric sirntrl~rric~n where a scllcma 
assintilates a rnenfal image o f  a particular situation and operates i n  "dry run" t~~oc l c  
to produce expectations about its behavior. I also p m p e  that subjects can focus on 
features i n  such a sitnulation that were previously not consciously attedcd to, o r  
not described, thereby converting implicit knowledge into explicit knowledgc. 

Elemental Intuitions as  Knowledge Structures 
I n  both transcript excerpts previously presented, the subject's expectations d o  not 
appear to follow from more elementary propositions; they tl~emselves appear to be 
ideas for wllich tlte 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 i n  tlte following excerpt from S3, who is an 
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advanced Ph.D. candidate in  computer science and has worked as nn electrical 
engineer. Immediately after reading the problem, S3 proceeds as follows: 

Well right off the bat I have no idea. Untm, and nty first tliot~ght i s  that the 
length . . . of the coil'spring being greater (traces circlcs in nir with f inpr 
spiralling downward) and the strength of the metal being the same means that 
there's going to be kind of more leverage for bending (in the wider springj. 
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 . . . 
(Draws long and short horizontal rods) . . . And my intuition about that i s  that 
i f  you took the same wire that was fastened on the left here [short horizontal 
rod] and doubled the kngth and hung some weight on it, that the same 
material uh, with some weight on it, would bend considerably farther . . . 
It would seem that that means that urn, that back in the original problem, the 
spring in picture 2 [the wi&r spring] i s  going to hang farther; it's going to be 
stretched more. 

. . . and I have a confidence of about 75% . . . 

. . . I have a great deal of confidence that Da ILe displacement of the long 
dl is greater than Db [the displacement of the slwrt rod) in any case. I would 
say 100% confidence. 

S3 generates the analogous case of bending long and short horizontal rods and 
decides that the longer one wil l  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 thal the wider spring wil l  stretch more. 
As shown by the solid square in  Figure 9.2, S3 has 100% confidence in this 
intuition that the long rod wil l  bend more, but only 75% confidence in  the validity 
of  the analogy relation between the spring and rod cases. Thus, applying the 
elemental intuition to the d s  a d  subsequently making inferences about h e  spring 
by analogy can be viewed as two separate processes. 

Although i t  is very interesting that a conclusion from intuition can be transferred 
by analogy lo  andher case, I want to focus in  this chapter on the nature o f  elemental 
intuitions as knowledge structures, rather than on the separate issue of analogical 

F l y re  9.2. Conndcnn Ltvels for Elements of S3'r 0cndlng Rod 
A n a f n ~  

rensoning. 'l'lie nature o f  spocitnncous nnnlogicnl rcnsoning n11d olhcr no~~rot t rn l  
rernming stralcgics is a lntge Issue in Its own rig111 (Clcti~cttl 1982, 1986, IYRfla, 
1988b). Ilius, for S3, I wish to focus on the right hand squnrc only in F i ~ u r c  9.2, - - 
that is, on the clr~estion o f  Itow an elemcnlnl inltrition cnn he ttsed directly on n givcn 
cnsc, SIICII ns IIIC t)c~ttIing t(d, to o11tn111 n O~C~/C~/OI I .  In 1111s CIISC 111s I n ~ i ~ l t l a ~ ~ t  n1w11t 
the bending rod serves as an assu~nption on whiclt his expinnntion is grouttdecl-n 
basic assuniption that is not further justified, but that is used as the basis for later 
inferences. 

Observable Properties Assodated with Fliyslcal Irituitlons 
On the basis of transcripts like those presented, one can point to a basic cluslcr o f  
phenomena that suggests the existence of elemental physical intuitions as a type o f  
natural cognitive structure. But how should one define the tertii "physical intu- 
itions"? Are they nonabstract? Unconscious? Indescribable? Can they be taught, or 
should they he self-constructed? I will propose a definition after listing some 
observable properties from the transcripts. 

lntrririon reports. I n  thinking about a physical system, subjects sometitnes 
spontaneously report making a prediction based on an intuition. llowever, we 
cannot attach too much importance to a subject's use of the term, since, for 
one thing, its nieaning in  natural language is so broad and vngue. l ' l~us,  this 
observation sliould probably be used only in conjunction wi& others. 

Unexplairted, urrjusrijied. Subjects speak of a physical intuition as a starling 
point witlrout a need to have it be further justified or explained. 

Modest gerterality. The situation referred lo  by subjects is onen more general 
than the memory of a specific incident. The terms lhey use refer to a broader 
class of phenotnena. As diSessa (1983) points out, however, the degree of 
generality is not nearly so large as thal of the concepts used in Newtonian 
mechanics. 

Sey-evakmted. Subjects indicate that they are evaluating their confidence in  
an intuition based on criteria that are internal; lhey do not refer to an external 
authority as the source o f  support for the intultion. 

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

One of the intended purposes of the body o f  case study data being presented here is 
to denlonstrale the presence o f  these observable properties and to provide something 
like an initial "existence p rw f "  for them. 

Working Definitlcm for an Elemental Physical lntultlon 

I h e  foregoing observations fonn a foundation for the definition given below- 
basically a hyptliesis 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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personal acfioa I a c l ~ :  (35) "11c coi l  wants to pull"; (4 1) "So 1.111 j)111li11g down 
on the weight or the weight's pulling itself down, and tllat's causirlg these coils to 
elongate.'' Taken together, the observations for this protocol f i t  almost al l  o f  the 
patterns shown below the horizontal.lines in Figure 9.4 and support the hypothesis 
that the subject is running through imagistic sinlulations where one or wore general 
sclleuras operate OII the image o f  a particular system and produce expectations a h u t  
its behavior i n  a subsequent dyna~ll ic image. 

I n  addition, i n  speaking about having "a hard time imagining" (line 22) and 
"having a Ilard time envisioning what's gong on [in1 3-din~ensional space" (line 
40), hc indicates that IIIC s i ~ ~ ~ u l ~ t i o n  process is not easy here. This i r~~p l ies  tLnt i t  
requires e rs ta l  concentratiot~ a t ~ d  effort, and Illis is also i ~ r p l i e d  by tllc extctvlcd 
pctiorl o f  several attctt~pls l o  perfor111 an accurate simulation. 'Ibe source o f  tro~lble 
here lnay be the difficulty o f  applying a schema for twisting to such a strange object, 
or difficulty in forming and manipulating a detailed spatial representation of a 
lrclical spring, or h l r .  The fact that he says "I want to i~nagine" the situation, the 
fact that i t  is difficult for him, and the fact that he rllakes and extended effort to do i t  
anyway, is evidence that (a) he intends and tries to set up  the imagistic sin~ulation as 

'an extended process very different from "remembering a fact" and (b) this process 
o f  i n l a g i h g  is in~portant l o  l l im as a technique. 

S2's Zig zag spring protocol. I n  another example S2 says (referring to the two- 
dimensional zig-zag spring analogy in Figure 9.7): 

23 S2: and w l ~ n  we do [stretcbj his, what beds . . . is the bendable bars. . . . and 
that would behave like a spring. I can imagine that it would; I can kines- 
 het tic ally pull on i t  and it would stretch, and you Ict it go and i t  bounces up aad 
down (waves hand up and down, palm down, lingen extended). I t  cloes all tla 
things. 

i n  this example, additional evidence for simulation as a dynanric process occurs 
when the subject makes depictivc hand movements that match the actions he is 
talking about. 

'Ille two nlain participants i n  imagistic simulatio~ls, a specific image and a more 
general schema, are discussed in turn in more detail i n  the next two sections. 

Flgurc 9.7. SZ'r Zig-Zag Sprlng 
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Imagety: !3patlal Representations 
I t  is clear that i t  is no( adequate here to claim that sub&cts sirnply "look" ol a 
"trovie" in their i m d s  end "see" the result. This may describe one's introspeclive 
experience, but it is important l o  attemp to describe the nalure o f  ~ I C  cognitive 
processes that give rise to llte sense o f  "seeing" (and "acting in") a "nlovic." I n  
formirrg explanations here, based on tlle work o f  Shcpard (1984). Kosslyn (19RO), 
and otlvrs, i wi l l  use the idea o f  a lenlprary spatial representation (image) capable 
o f  representing i n  at least a skeletal manner (a) shapes o f  objects, (b) spatial 
relations among them, and (c) object movements over time. I assume that this 
spatial representation may use some o f  the brain's higher k v e l  perceptual prtxess- 
ing capacity and that various n~anipulation processes (orienting, transronning and 
conlbining images) are available to the subject (Kosslyn, 1980; Shrager, 1989). 

The concept o f  imagery as an internal representation gives o m  a starting point for 
understanding imagistic sinlulations. But i t  leaves unanswered the questions o f  how 
new knowledge can emerge front a new conlbination o f  nn action and an irnagc in an 
imagistic simulation. In order to progress further, the concept of physical intuition 
schemas is  developed i n  the next section. 

Physical intuition !%ernas 

Argument for the Presence o f  General Sthemas 
I n  this section 1 give a more detailed argument for the presence o f  schemas of 
modest generality as the source o f  intuitive knowledge used i n  imagistic simula- 
tions. t iow does S3 know that a short rod wi l l  bend less than a long one? H o w  does 
S2 know that i t  is more difficult to twist a shorter rod? Where does this knowledge , 

reside? Occasionally a subject may make 4 prediction based on an episodic memory 
o f  a specifk concrete experience at a particular time i n  his past, and this process 
could also involve dynamic imagery. I n  most o f  (hc cases examined here, however, 
the subjects make statements o f  a more general nature that do not refer to a specific 
episode i n  the past. I account for this b y  assuming that the intuitions involved are 
not based on a specific episodic memory, but exist as a somewhat more general 
fonn o f  knowledge-an expectation for what w i l l  happen over a range o f  circum- 
stances. 

To return to 52's intuition about the twisting rod, do& this knowledge reside 
only i n  the temporary spatial representation (image)? There is reason to assume that 
i t  cannot reside solely i n  the specific temporary image o f  the situation currently 
under consideration, since in this case thc howledge is presumably more generally 
applicable and permanent. Rather, i t  seems plausible that the temporary image o f  a 
particular rod o f  a certain length acts in conjunction with a permanent schema for 
Iwistieg objects that can assimilate objects o f  different sizes and shapes and that 
embodies the subject's physical intuitions about twisting. I n  this particular case the 
twisting schema assimilates (is instantiated by) the image o f  a rod about one foot 
long. I t  is not assumed that the subject has applied clle schema to this particular 
object before; in fact, the image o f  the object may be a newly constructed one. I t  is 



assumed hat the schema is general enough and flexible enough to allow its 
application to a certain range of new objects. This enables one lo 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 lo 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 properties 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 Motw Schemas 
Presumably imagistic simulations can occur with schemas that are primarily percep- 
tual, as opposed to action oriented, in nature; for example, 1 can imagine the effects 
of a glass of water tipping over in a certain way on a certain part of my desk. 
However, In most of the examples in this chapter the subject refers to a personal 
action, such as the twisting rod example. Therefore I will frame hypotheses in the 
discussion that follows in terms of the involvement of a particular type of intuition 
schema that 1 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 actiowin 
this case, an image of how far the rod will turn.' 

Transcript obsetvalions 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- 
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Figure 9.8. Percepturf Motw Schema lor Twtsfhg Objcctq (Shows 
expcrtalinn relations of r longer object requiring lcss eltort to twist [lor 
same resulting rolalinn) and more eltort leading to greater rotation [lor 
the same object IenglhJ.) 

I t  is not assumed here that the assimilated representation a the anticipation of results are necessarily 
discrete symbols. Such an antkipation codd take the form of r n a d i m ~  to assimilate certain perceplual 
events rather than being Impage-like in character. 

dly posses ail of these fc~tt tres,  and they are therefore promising candidates 
for the cognitive structures embodying these elemental physical intuilions.' 

I make no claims that this initial model of perceplual motor schemes is completely sufficient. llere I 
have merely attempted to give a preliminary outline of some of the elements that seem to be mtded to 
explain data nfthia kind. I l l is huilds IM the wnrk of Witz and Basley (Witz, 1975), who used pnccptual 
motor schemas to explain patterns in the play of young children. 
























