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Abstrac t 

This paper discusses evidence from tbiDking aloud case 
studie s indicatin g tha t  par t  o f  th e knowledg e use d b y exper t 
proble m solver s consist s o f  concret e physica l  intuition s 
rathe r  tha n abstrac t  verba l  principle s o r  equations .  On e 
purpos e o f  th e pape r  i s t o provid e empirica l  documentatio n 
of  behavior s suc h a s spontaneou s reference s t o usin g 
intuition ,  depictiv e han d motions ,  an d dynami c imager y 
reports .  Althoug h th e rol e o f  imager y i n lowe r  leve l  task s 
i s becomin g mor e accepted ,  w e currentl y lac k sufficien t 
empirica l  evidenc e fo r  it s us e i n highe r  leve l  thinking .  I n 
orde r  t o accoun t  fo r  case s wher e subject s appea r  t o b e 
"runnin g a  simulation "  o f  a n even t  o n th e basi s o f  a 
physica l  intuition ,  a  mode l  i s  presente d i n whic h a 
somewhat  genera l  an d permanen t  perceptua l  moto r  schem a 
control s a  mor e specifi c an d temporar y imag e o f  a 
situation .  Thi s proces s i s terme d "imagisti c simulation" . 
The imager y ca n b e kinestheti c a s wel l  a s visual ,  an d 
dynami c rathe r  tha n static ,  suggestin g th e involvemen t  o f 
th e moto r  system .  Althoug h rule s fo r  makin g inference s 
fro m network s o f  causa l  relation s hav e bee n studied ,  w e 
lac k model s whic h analyz e th e natur e o f  menta l  simulation s 
underlyin g a  singl e causa l  relationship .  Suc h physica l 
intuition s an d simulation s ma y provid e basi c buildin g 
block s fo r  constructin g visualizabl e model s i n science . 

Issues in the Areas of Simulation and 

P h y s i c a l  In tu i t i o n 

Expert knowledge in science is commonly described as 
predominantl y abstract .  Fo r  example ,  Chi ,  Feltovich ,  an d 
Glase r  (1981 )  stat e tha t  expert s i n physic s use :  "abstrac t 
physic s principle s t o approac h an d solv e a  proble m 
representation. "  Concret e feature s ar e use d a t  a n earl y stag e 
i n th e solutio n t o activat e mor e abstrac t  principles ,  (p . 
121) .  Novices ,  o n th e othe r  hand ,  "bas e thei r  representatio n 
and approache s o n th e problem' s litera l  features... "  (p .  121) . 
Whethe r  o r  no t  i t  wa s th e intentio n o f  thes e authors ,  thei r 
findings  hav e contribute d t o th e c o m m o n perceptio n o f 
exper t  though t  a s predominantl y abstract .  Thi s 
characterizatio n o f  expert s appear s t o conflic t  wit h report s o f 
scientist s suc h a s Einstein's :  "Th e word s o r  th e language .  . 
.d o no t  see m t o pla y an y rol e i n m y mechanis m o f  though t 
The. .  element s i n though t  ar e certai n sign s an d mor e o r  les s 
clea r  image s .  .  o f  visua l  an d s o m e o f  muscula r  type. " 
(quote d i n Hadamard ,  1945 ,  p .  142-43. )  I n thi s stud y I 
investigat e whethe r  concrete ,  non-abstrac t  knowledg e ca n 
pla y a n importan t  rol e i n exper t  thinking .  W o r k i n thi s are a 

i s als o motivate d b y recen t  studie s in :  (1 )  th e importan t 
cognitiv e role s playe d b y action s involve d i n scientifi c 
experimenta l  practic e (Tweney ,  1986 ;  Gooding ,  1990 )  an d 
(2 )  imager y i n scienc e (Nersessia n an d Greeno ,  1990 ; 
Miller ,  1984 ;  Qi n &  Simon ,  1990. ) 

Wherea s a  goo d dea l  o f  jmo r  theoretica l  wor k i n artificia l 
intelligenc e ha s bee n don e o n comple x form s o f  simulatio n 
involvin g inference s o n network s o f  cause s wit h m a n y Unk s 
(e.g .  d e Klee r  an d Brown ,  1983 ;  Forbus ,  1984) ,  ver y littl e 
attentio n ha s bee n give n t o analyzin g th e natur e o f  th e 
"atoms"~her e viewe d a s elementa l  imagisti c simulation s 
involvin g a  singl e causa l  relationship—tha t  underli e an d 
m a ke u p thes e network s i n humans . 
Description s o f  processe s involve d i n elementa l  menta l 
simulation s m a y provid e a  foundatio n fo r  helpin g u s 
understan d mor e comple x processe s suc h a s reasonin g vi a 
scientifi c  models ,  analogie s an d though t  experiments . 

Initial Examples of Physical Intuition 

In this study advanced doctoral students or professors in 
technica l  fields  wer e aske d t o solv e th e "Sprin g Problem " 
show n i n Figur e 1 . 

A WEIGHT I S HUNG ON A  SPRING. 
REPLACED WIT H A  SPRIN G 

THE ORIGINA L SPRIN G I S 

-  MADE OF TH E SAME KIN O OF WIRE. 
-  WIT H THE SAME NUMBER OF COILS . 
-  BUT WIT H COIL S THAT ARE VHIC I  A S WID E I N 

DIAMETER. 

WILL THE SPRING STRETCH FROM ITS NATURAL LENGTH. 
MORE.  LESS.  OR THE SAME AMOUNT UNDER THE SAME WEIGHT' ! 
(ASSUME THE MASS OF TH E SPRIN G I S NECLICIBL E COMPARED 
TO TH E MASS OF TH E WEIGHT) .  WHY 0 0 YOU THIN K SO? 

tl ) t2 ) 

i  STRETCH 

Figure 1: Spring problem. 
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By "exper t  proble m solver "  i n thi s context ,  I  mea n a  perso n 
w ho i s a n experience d proble m solve r  i n a  technica l  field . 
Most  subject s wer e no t  expert s o n th e specifi c  conten t 
domai n o f  th e theor y o f  stati c force s i n springs .  Al l 
session s discusse d i n thi s chapte r  wer e videotape d excep t 
subjec t  S5 ,  w h o wa s audiotapaJ .  Th e correc t  answe r  t o th e 
sprin g proble m i s tha t  th e wid e sprin g wil l  stretc h farther . 

T wo example s o f  solutio n episode s tha t  appea r  t o involv e 
physica l  intuitio n are : 

02 7 SI :  Y o u don' t  hav e t o k n o w an y formula s t o se e 
that.. .  G o d almighty !  O f  cours e i t  [th e wide r  spring ] 
goe s w a y d o w n .  Y o u know .  H o w coul d i t  d o 
otherwise?...That' s a  seat-of-the-pant s feelin g I  woul d 
trus t  beyon d an y o f  it... .  1  woul d be t  a  thousan d t o 
one . 

T o counte r  th e ide a tha t  physica l  intuition s ar e use d onl y b y 
thos e w h o lac k mor e forma l  reasonin g capabilities ,  i t  shoul d 
be note d tha t  thi s subjec t  i s  a  Nobe l  laureat e i n physics . 
However ,  mos t  subject s di d no t  hav e s o stron g a n intuitio n 
abou t  th e targe t  proble m itself ,  bu t  ha d intuition s abou t 
analogou s problems .  Fo r  example ,  subjec t  S 3 considere d 
th e analogou s cas e o f  weight s o n th e end s o f  lon g an d shor t 
horizonta l  rods : 

01 0 S3 :  M y intuitio n abou t  tha t  i s  tha t  i f  yo u too k 
th e sam e wir e tha t  wa s fastene d o n th e lef t  her e [shor t 
horizonta l  rod ]  an d double d th e lengt h ..tha t  ..i t  woul d 
ben d considerabl y farther . 

He the n attempt s t o transfe r  thi s intuitio n t o th e cas e o f 
th e spring ,  usin g i t  a s th e basi s o f  hi s predictio n tha t  th e 
wide r  sprin g wil l  stretc h farther .  (Se e Clemen t  [1988,1989 ] 
fo r  discussio n o f  reasonin g fro m analogie s t o suc h 
intuitions. ) 

Intuition reports. Both excerpts above contain an 
exampl e o f  wha t  I  cal l  a  physica l  intuitio n repor t  wher e th e 

subjec t  report s usin g a n "intuition "  o r  use s term s tha t 
indicat e the y ar e proceedin g primaril y o n th e basi s o f  a 
nonforma l  "feeling "  o r  "sense "  o f  wha t  wil l  happe n t o a 
physica l  system .  I n namra l  languag e th e wor d "intuition " 
unfortunatel y ha s multipl e meaning s tha t  refe r  t o bot h 
knowledg e struaure s an d nonforma l  reasonin g processes .  I 
wil l  avoi d th e latte r  us e here ,  s o tha t  I  wil l  no t  us e th e ter m 
physica l  intuitio n fo r  processe s suc h a s inductio n b y 
enumeration ,  analogica l  reasoning ,  o r  heuristi c strategie s fo r 
proble m solving .  Instead ,  I  wil l  focu s o n elementa l 
knowledg e structure s see n a s basi c unit s o f  knowledge ,  a s i n 
th e example s give n s o far .  I  cal l  thes e "elementa l  physica l 
intuitions" . 

Defining Features and Observable Behaviors 
Associate d wit h Physica l  Intuition s 

On the basis of transcripts like those above, one can point 
t o a  basi c cluste r  o f  phenomen a tha t  suggest s th e existenc e 
of  physica l  intuition s a s a  typ e o f  natura l  cognitiv e 
structure .  Definin g propertie s fo r  physica l  intuition s ar e 
underline d below ,  alon g wit h observabl e propertie s tha t  ca n 
indicat e them .  diSess a (1983 )  refer s t o certai n kind s o f 
simila r  knowledg e structure s a s "phenomenologica l 
primitives" .  I  wil l  us e th e ter m elementa l  physica l  intuitio n 

her e i n a  w a y tha t  share s severa l  o f  th e feature s o f  a 
phenomenologica l  primitive ,  includin g th e followin g ones . 

Know ledg e structures .  A  physica l  intuitio n i s a 

knowledg e structur e tha t  reside s i n lon g ter m memor y 
and tha t  ca n b e activate d t o provid e a n interpretatio n o f 
or  a n expectatio n abou t  a  physica l  system . 
F.xplanatinn .  justificatio n unnecessar y Subject s ofte n 

refe r  t o a  physica l  intuitio n a s a  startin g poin t  an d d o 
not  expres s a  nee d t o fiirthe r  justif y derive ,  o r  explai n it . 
Modest  generalitv .  Th e situatio n referre d t o b y subject s 

i s ofte n mor e genera l  tha n th e m e m o r y o f  a  specifi c 
incident .  A s diSess a point s ou t  however ,  th e degre e o f 
generalit y i s no t  nearl y s o larg e a s tha t  o f  th e concept s 
use d i n Newtonia n mechanics . 

I n additio n t o th e feature s identifie d b y diSessa ,  I  als o poin t 
t o som e othe r  characteristic s below ,  an d t o th e imager y 
report s tha t  ofte n accompan y th e us e o f  intuitions . 

Intuitio n reports .  I n thinkin g abou t  a  physica l  system , 

subject s sometime s spontaneousl y repor t  makin g a 
predictio n base d o n a n intuitio n (terme d a n intuitin g 

report) .  However ,  w e canno t  attac h to o muc h 

importanc e t o a  subject' s us e o f  th e term ,  since ,  fo r  on e 
thing ,  it s meanin g i n natura l  languag e i s s o broa d an d 
vague .  Therefor e thi s observatio n shoul d probabl y b e 
use d onl y i n conjunctio n wit h others . 
Self-evaluated .  Strengt h o f  belie f  i n a  physica l 

intuitio n i s describe d a s bein g determine d largel y vi a 
interna l  criteri a rathe r  tha n bein g dependen t  o n th e 
evaluatio n o f  a n authority . 

Qrigntg d \ Q Cpngret g CbjegtS -  Subject s spea k o f  a n 
intuitio n a s providin g knowledg e abou t  object s an d 
manipulation s o f  o r  relationship s betwee n them ,  rathe r 
tha n a  symboli c resul t  tha t  mus t  b e interpreted . 

Imagery Reports and Imagistic Simulation 

In this section I present evidence indicating that die use of a 
physica l  intuitio n ca n involv e dynami c imagery .  On e 
sourc e o f  difficult y her e i s tha t  mos t  discussion s o f  imager y 
involv e visua l  imager y alone ,  wherea s physica l  intuitio n 
ofte n appear s t o involv e imaginin g action s take n o n object s 
as well . 

Imagery Reports 

In the cases to be examined below subjects spontaneously 
us e term s lik e "imagining, "  "picturing, "  "hearing, "  a 
situatio n o r  "feelin g wha t  it' s  lik e t o manipulate "  a 
situation. "  I  refe r  t o suc h statement s a s imager y reports . 

Thes e refe r  t o severa l  sensor y modes ,  includin g kinestheti c 
imagery .  I n contras t  t o mos t  o f  th e literatur e o n imagery ,  I 
a m concerne d her e wit h spontaneou s imager y report s wher e 

th e interviewe r  doe s no t  as k th e subjec t  whethe r  a n imag e 
was used .  Fo r  example ,  S2 ,  thinkin g abou t  th e relate d 
proble m o f  comparin g shor t  an d lon g spring s says : 
041 S2 :  "I' m imaginin g tha t  on e applie s a  forc e close r  an d 
close r  t o th e origi n [top ]  o f  th e spring ,  and .  .  .i t  hardl y 
stretche s a t  all. " 

Base d o n th e wor k o f  Shepar d (1984) ,  Kossly n (1980) .  an d 
others ,  i n hypothesizin g th e us e o f  imager y i n thes e subject s 
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I  mea n a  temporar y spatia l  representatio n capabl e o f 
representin g i n a t  leas t  a  skeleta l  manner :  (a )  th e shine s o f 
o^ect s (b )  spatia l  relation s amon g the m an d (c )  objec t 
movement s ove r  time .  Thi s spatia l  representatio n ma y us e 
some o f  th e brain' s higher-leve l  perceptua l  processin g 
capacit y whic h make s availabl e variou s manipulatio n 
processe s (orienting ,  transformin g an d combinin g images )  t o 
thes e subjects .  Recentl y Shrager  (1990 )  ha s argue d tha t 
perceptio n an d perceptua l  experienc e for m th e basi s o f 
conceptua l  knowledge . 

Imagistic Simulation Processes 

However we have still not provided an explanation for bow 
ne w knowledg e ca n emerg e fro m a  ne w combinatio n o f  a n 
intuitio n an d a n image .  Th e followin g exampl e provide s a n 
exampl e o f  this .  A t  thi s poin t  th e subjec t  ha s decide d tha t  a 
twistin g deformatio n i n th e wir e i s on e o f  th e consequence s 
of  stretchin g th e spring .  (Twistin g o f  th e wir e an d th e 
resultin g torsio n d o i n fac t  pla y a  predominan t  rol e i n 
determinin g th e behavio r  o f  a  spring. )  H e i s tryin g t o decid e 
what  effec t  widenin g th e sprin g wil l  hav e o n th e twistin g 
deformatio n b y imaginin g himsel f  twistin g straigh t 
horizonta l  rods : 

137 S2 :  .  .  .i f  I  hav e a  longe r  rod ,  an d I  pu t  a  twis t 
on it ,  (move s hand s a s i f  twistin g a  ro d -  se e figur e 3 ) 
i t  seem s t o m e —agai n physica l  intuition~tha t  i t  wil l 
twis t  more .  Uhh ,  I' m -  I  diin k I  trus t  tha t  intuition . 
138 I :  Ca n yo u sto p thinkin g ahea d an d jus t  thin k 
bac k o n that ;  wha t  tha t  intuitio n i s like ? 
139 S2 :  Oh ,  I  hav e a  kinestheti c intuition .  .  .  I' m 
imaginin g holdin g somethin g tha t  ha s a  certai n 
twistines s t o i t  an d twistin g it . 
141 S2 :  Lik e a  ba r  o f  meta l  o r  somethin g lik e that . 
Ubh,  an d i t  jus t  seem s t o m e a s thoug h i t  [ a longe r 
bar ]  woul d twis t  more . 

The subjec t  eventuall y use s thi s resul t  a s a  centra l 
assumptio n i n orde r  t o mak e inference s abou t  th e sprin g 
problem .  Her e on e ca n observ e a  numbe r  o f  th e phenomen a 
unde r  discussion :  co-occurrenc e o f  a n imager y repor t  (lin e 
139)  an d a  state d predictio n (137 ,  139) ,  intuitio n report s 
(137 ,  139) ,  an d depictiv e han d motion s (137) .  I n additio n 
lin e 13 9 contain s a n exampl e o f  a  dynami c imager y report . 

wher e th e subjec t  describe s a  situatio n i n a n imager y repor t 
as changin g wit h time .  Th e co-occurrenc e o f  intuitio n 
report s an d dynami c imager y report s motivate s proposin g 
th e hypothesi s tha t  physica l  intuitio n an d imager y ar e use d 
i n tandem .  I t  i s  hypothesize d tha t  th e subjec t  i s  goin g 
throug h a n imagisti c simulatio n proces s wherei n a n 

intuitio n schem a assimilate s th e imag e o f  a  particula r  objec t 
and produce s expectation s abou t  it s behavio r  i n a  subsequen t 
dynami c image . 

The diagra m abov e th e doubl e horizonta l  lin e i n Figur e 2 
give s a n overvie w o f  thi s process .  I n thi s cas e i t  i s assume d 
tha t  th e physica l  intuitio n abou t  h o w a n objec t  behave s i s 
an expectatio n embodie d i n a  permanen t  an d somewha t 
genera l  perceptua l  moto r  schema .  Fo r  S 2 imaginin g 
twistin g a  ro d above ,  th e imagisti c simulatio n i s th e proces s 
of  applyin g a  schem a capabl e o f  controllin g rea l  action s fo r 
th e twistin g o f  actua l  object s i n th e world .  Here ,  howeve r 

th e schem a i s applie d t o a n image- a particula r  imag e o f  a 
one foo t  lon g ba r  o f  metal .  (Thi s initia l  imag e m a y hav e 
bee n generate d i n som e previou s "setup "  process. )  I n th e 
"running "  proces s th e schem a assimilate s ("lock s o n to" )  th e 
image ,  "perform s a n (imagined )  actio n o n it "  ove r  a  perio d 
of  tim e o n th e orde r  o f  .5- 3 second s (a s indicate d b y th e 
downwar d pointin g dotte d arrows) ,  an d generate s a n 
expectatio n abou t  it s behavior .  I n Figur e 2  th e term s 
belo w th e doubl e lin e denot e observabl e behavio r  pattern s i n 
th e transcript s tha t  ca n provid e evidenc e fo r  th e hypothesize d 
cognitiv e structure s an d processe s show n abov e th e line .  I t 
makes sens e tha t  thi s proces s shoul d requir e tw o majo r 
components :  a  mor e genera l  schem a tha t  i s a  permanen t 
residen t  i n memor y (thi s help s explai n wher e th e knowledg e 
bein g use d come s from) ;  an d a  temporar y imag e o f  a 
specifi c  exampl e (thi s help s explai n h o w on e i s abl e t o 
thin k abou t  twistin g a  nove l  n e w example ,  suc h a s th e 
"dotte d spring "  i n th e nex t  transcrip t  below ;  i n suc h a  cas e 
th e imag e m a y b e assemble d b y drawin g fro m a  numbe r  o f 
pre-existing ,  permanen t  schemas ,  bu t  th e composit e imag e 
itsel f  m a y b e nove l  an d nee d onl y b e temporary. ) 

I t  i s assume d tha t  al l  o f  th e cognitiv e processe s show n i n 
Figur e 2  ca n b e nonverba l  i n character .  Sinc e th e subjec t  i s 
aske d t o thin k alou d a s m u c h a s possibl e however ,  ther e 
must  als o b e a n auxiliar y descriptio n proces s whic h enable s 
th e subjec t  t o describ e hi s thinkin g afte r  i t  occurs .  Thi s 
proces s i s no t  show n explicitl y  i n th e diagram .  (I n actualit y 
th e subjec t  presumabl y goe s throug h tw o simulation s wit h a 
shor t  an d a  lon g ro d here ,  afte r  whic h h e i s abl e t o compar e 
them. ) 

Th e bes t  evidenc e supportin g th e hypothesi s tha t  a n 

imagisti c simulatio n ha s take n plac e woul d b e th e co -
occurrenc e o f  al l  th e observabl e behavior s show n belo w th e 
horizonta l  lin e i n Figur e 2 .  However ,  becaus e subject s ar e 
not  use d t o thinkin g alou d i n thi s degre e o f  detail ,  i n practic e 
we ar e onl y likel y t o se e a  smal l  numbe r  i n an y on e episode . 

Precedents in the literature on perceptual motor 
schemas .  A  perceptua l  moto r  schem a i s hypothesize d t o 
contai n a t  leas t  thre e majo r  subprocesses :  a  subproces s fo r 
assimilatin g object s i n th e environmen t  base d o n 
precondition s tha t  mus t  b e satisfie d fo r  th e schem a t o apply ; 
a subproces s fo r  initiatin g an d tunin g o r  adjustin g th e actio n 
so tha t  i t  i s appropriat e fo r  thi s particula r  object ;  an d a  thir d 
subprocess  capabl e o f  generatin g expectation s abou t  th e 
result s o f  th e actio n -  i n thi s case ,  a n imag e o f  h o w fa r  th e 
ro d wil l  turn .  Perceptua l  moto r  schema s m a y no t  b e th e 
onl y structure s responsibl e fo r  physica l  intuitions ,  bu t  i n 
th e example s discusse d her e the y appea r  t o serv e a s on e ver y 
importan t  type .  Th e perspectiv e tha t  a  moto r  schem a ca n 
hav e generalit y throug h a  patter n o f  action s an d expectation s 
ove r  tim e wit h parameter s adjuste d t o a  particula r  situatio n 
i n a  proces s o f  tunin g ha s precedents  i n Piage t  (1976) , 
Neisse r  (1976) ,  an d Schmid t  (1982) .  Transcrip t 
observation s supportin g th e vie w tha t  perceptual-moto r 
schemas ar e bein g use d include :  persona l  actio n projection s 
(describin g a  syste m actio n i n term s o f  a  huma n action) , 
kinestheti c imager y reports ,  an d depictiv e han d motions .  I t 
i s  possibl e tha t  th e subjec t  i s  abl e t o focu s o n a n implici t 
relatio n betwee n variable s tha t  i s embedde d i n th e tunin g 
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functio n o f  a  perceptua l  moto r  schem e an d describ e i t 
explicitl y  fo r  th e firs t  tim e i n episode s lik e tha t  o f  th e 
twistin g ro d above .  M o r e detail s o n h o w knowledg e 
implici t  i n th e physica l  intuitio n i s converte d int o explici t 
knowledg e i s give n i n Clemen t  (t o appear) . 

Importance of Concrete Intuitions and Imagistic 
Simulatio n 

The following protocol from a research physicist indicates 
tha t  imagisti c simulatio n i s sometime s quit e effortful .  Thi s 
episod e come s afte r  a  follo w u p questio n fro m th e 
experimente r  abou t  h o w on e migh t  determin e tha t  twistin g 
i s occurrin g i n th e spring : 

02 2 S5 :  .  .  .suppos e 1  ha d a  bi g sprin g an d I  coul d 
make littl e pain t  dot s o n i t  al l  alon g it s length....an d 
sayin g .. .  woul d I  se e a  torsiona l  displacemen t  o f  th e 
pain t  dots .  An d wha t  woul d i t  loo k like .  An d I  hav e a 
har d tim e imaginin g tha t  becaus e yo u know ,  th e 
torsiona l  displacement s tha t  com e t o min d ar e ver y 
small . 
02 4 S5 :  (Make s drawin g o f  sprin g wit h pain t  dot s o n 
outsid e o f  wire ) 
03 6 S5 :  So .  .  .th e othe r  part s ar e goin g t o twis t  suc h 
tha t  .  .  .  littl e dot s o n th e surfac e wil l  ten d t o mov e 
up. 
03 8 S5 :  .  .  .Th e mas s i s goin g dow n an d s o now -
-thes e portion s o f  th e sprin g Hmmmm 
04 0 S5 :  .  .  .I' m jus t  gettin g a  har d tim e envisionin g 
what' s goin g o n 3-dimensiona l  space ,  an d s o I' m 
havin g a  bar d tim e seein g whic h wa y thi s wir e i s 
goin g t o rotate . 
04 1 S5 :  Wel l  I  wan t  t o imagin e tha t  th e portio n her e 
up t o th e cros s section.i s fixed .  S o I' m pullin g dovr a 
on th e weigh t  o r  th e weight' s pullin g itsel f  down ,  an d 
that' s causin g thes e coil s t o elongate .  I' m tryin g t o 
decid e h o w it' s  gonn a twis t  thi s portio n o f  th e wir e . . 

But eventually he is able to make a confident prediction: 
04 2 S5 :  .  .  .i f  yo u imagin e th e extremes ,  i f  yo u pul l 
i t  u p an d down ,  thi s littl e line .  .  .o n th e outsid e o f  th e 
sprin g yo u know ,  would .  .  .rotat e dow n til l  it' s  a t  th e 
bottom . 
04 6 S5 :  .  .  . 1 gues s I'm-I' m quit e satisfie d wit h tha t 
07 2 E :  Wer e yo u thinkin g abou t  a n equatio n there ? 
07 3 S5 :  O h ,  no .  Thi s i s al l  er ,  I  thin k ver y 
experimental .  Wha t  I  thin k I  have -  thi s imag e o f  thi s 
lin e o f  pain t  dot s o n a  sprin g an d yo u kno w I' m 
pullin g o n th e weight .  I' m goin g pul l  an d release ,  pul l 
and releas e an d s o I' m constantl y puttin g i t  throug h it s 
paces .  An d askin g yo u know ,  h o w woul d I  se e th e 
dot s move . 

Sinc e S 5 make s a  drawin g o f  th e sprin g i n lin e 24 ,  doe s 
tha t  mea n tha t  i t  replace s an d make s redundan t  an y interna l 
imager y tha t  occurs ? I t  canno t  replac e th e imagery ,  sinc e h e 
speak s o f  imaginin g movements ,  an d th e drawing s d o no t 
move.  Thi s make s i t  reasonabl e t o assum e tha t  th e drawin g 
reflect s an d m a y suppor t  o r  perhap s eve n replac e stati c 
feature s o f  th e subject' s initia l  image ,  bu t  tha t  i t  canno t 
replac e an y dynami c imagery . 

Simulatio n ca n requir e effort ,  arguin g tlia t  i t  i s 
not  epiphenomenal .  Th e observation s fo r  thi s protoco l 
the n fi t  almos t  al l  o f  th e pattern s show n belo w th e 
horizonta l  line s i n Figur e 2 .  Thes e allo w on e t o triangulat e 
fro m multipl e source s o f  evidenc e t o suppor t  th e hypothesi s 
tha t  th e subjec t  i s  runnin g throug h imagisti c simulations . 
I n addition ,  h e describe s th e simulatio n a s a  proces s extende d 
ove r  time ,  an d make s a  "persona l  actio n projection "  b y 
referrin g t o hi s ow n pullin g fo r  th e forc e o f  th e weight .  Th e 
fac t  tha t  he :  say s " I  wan t  t o imagine "  th e situatio n (41) ; 
say s tha t  i t  i s  difficul t  fo r  him ;  make s repeate d an d extende d 
effort s t o d o i t  anyway ;  an d use s imager y enhancemen t 
technique s suc h a s th e "painte d dots" ;  i s  evidenc e that :  (a )  h e 
intend s an d trie s t o se t  u p th e imagisti c simulatio n a s a n 
extende d proces s ver y differen t  fro m "rememberin g a  fact" ; 
(b )  th e proces s require s considerabl e effort ;  (c )  th e proces s o f 
imaginin g i s importan t  t o hi m a s a  technique .  Thes e 
fmdings ,  alon g wit h th e fac t  tha t  h e "ask s question s o f  th e 
simulation ,  an d tha t  h e speak s o f  th e simulatio n a s th e mai n 
techniqu e use d t o giv e hi s answer ,  argu e tha t  th e intuition s 
and imager y involve d i n th e simulatio n ar e no t  simpl y 
unimportan t  sid e effect s o f  som e othe r  process ,  bu t  ar e 
effortfu l  processe s tha t  ar e centra l  t o hi s thinkin g here . 
Thu s h e doe s no t  "ge t  th e physic s fo r  free "  here ,  bu t  mus t 
wor k har d t o adap t  an d appl y existin g schema s i n orde r  t o 
construc t  ne w situatio n i n orde r  t o construc t  ne w knowledge . 
Althoug h an y on e indicato r  suc h a s a n imager y repor t  coul d 
be explaine d b y anothe r  interpretation ,  th e hypothesi s tha t 
imager y i s playin g a  rol e i n th e solutio n proces s acquire s 
mor e substantia l  suppor t  whe n on e ca n triangulat e fro m a 
number  o f  differen t  observation s i n th e sam e episode . 

Dynamics. Why did subjects bother to run through 
effortfu l  imagisti c simulations ? Th e fac t  tha t  the y di d s o 
support s th e vie w tha t  th e simulation s allowe d the m t o 
appl y knowledg e tha t  wa s no t  store d a s a  linguisti c 
description .  Fo r  i f  i t  wer e explicitl y  described ,  the n wh y 
announc e th e intentio n t o for m a n imag e o f  th e situatio n an d 
make th e effor t  t o ru n throug h a  simulatio n o f  it ? W h y no t 
jus t  repor t  it ? Th e presenc e o f  dynami c imager y reports , 
han d motions ,  imager y enhancemen t  techniques ,  an d th e 
effor t  pu t  int o imagisti c simulation s al l  suppor t  th e vie w 
tha t  simulation s i n thi s cas e ar e ver y differen t  fro m 
descriptive ,  language-lik e representations .  Thes e 
observation s an d th e subjects '  report s o f  experiencin g th e 
effect s o f  action s occurrin g ove r  tim e (S5 ,  lin e 73 ,  S 2 lin e 
139 )  provid e a  rea l  motiv e fo r  usin g th e ter m "simulation. " 
The y sugges t  tha t  th e subject s ar e someho w mentall y 
simulatin g som e aspect s o f  th e rich  flo w o f  perception s 
and/o r  moto r  action s ove r  tim e tha t  woul d exis t  i f  the y wer e 
actuall y viewin g and/o r  causin g suc h events .  Thi s i s a 
differen t  meanin g fo r  "simulation "  tha n traditiona l 
description s o f  a  symbo l  manipulatio n procedur e whic h 
step s it s wa y throug h a  serie s o f  inferenc e rule s operatin g o n 
a se t  o f  word-lik e tokens .  Th e fac t  tha t  th e subject s ar e 
referrin g t o onl y a  singl e causa l  relatio n i n thes e elementa l 
simulation s argue s agains t  th e alternativ e vie w tha t  the y ar e 
makin g som e kin d o f  chai n o f  reasonin g inference s withi n 
th e passage s quoted .  (Subject s ma y b e abl e t o assembl e 
imagisti c simulation s involvin g multipl e causa l  relations , 
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but  focusin g o n singl e relation s her e help s u s contras t  thes e 
finding s wit h thos e fro m previou s research. )  I  d o no t  wis h 
t o den y th e importanc e an d neste d powe r  o f  mode s o f 
though t  whic h depen d o n linguisti c symbol s an d 
mathematics ,  o r  th e ide a tha t  onc e a  physica l  intuitio n i s 
described ,  tha t  suc h a  descriptio n ca n b e store d wit h th e 
intuitio n sdiema .  Bu t  th e abov e fmding s reinfOTc e th e vie w 
of  simulatio n a s a  though t  proces s tha t  ca n tak e plac e 
outsid e o f  a  language-lik e representation ,  befor e i t  i s 
translate d int o one .  I f  thi s i s correct ,  th e intuitiv e 
knowledg e develope d i n a n imagisti c simulatio n doe s no t 
jus t  consis t  o f  a n en d stat e o f  stati c  tokens ,  bu t  i s a  proces s 
or  activit y (o r  a  readines s fo r  suc h a n activity )  whic h take s 
tim e t o experienc e an d t o hav e significanc e fo r  th e subjec t 
I n thi s sens e th e knowledg e i s dynamic . 

Conclusion: Can Concrete Physical 

Intuition s a n d S imula t ion s Pla y a n 

I m p o r t a n t  R o l e i n E x p e r t  th inking ? 

Much work remain to be done in this area. The exploratory 
cas e studie s describe d her e provid e som e initia l  evidenc e fo r 
framin g th e followin g hypodieses :  (a )  I n additio n t o abstrac t 
principles ,  expert s ca n us e physica l  intuition s i n imagisti c 
simulation s o f  concret e situations .  Thes e ca n pla y a  rol e i n 
proble m solution s tha t  i s mor e tha n simpl y a  "start-up "  rol e 
or  cue s fo r  abstrac t  categorie s attache d t o rules .  I n particula r 
the y ca n pla y th e importan t  rol e o f  anchorin g assumption s 
whic h underpi n explanation s constitutin g th e subject' s 
centra l  understandin g o f  a  system .  Thus ,  imager y an d 
intuition s wer e par t  o f  th e centra l  argumen t  i n thes e 
solutions ,  no t  jus t  sid e effects ,  (b )  Thi s conflict s wit h th e 
common assumptio n tha t  expert s ar e characterize d b y thei r 
abstrac t  knowledge .  However ,  tha t  ma y b e partl y becaus e 
previou s studie s use d problem s tha t  wer e eas y o r  routin e fo r 
th e experts ;  her e th e expert s wer e engage d i n non-routin e 
model  construction ,  (c )  Us e o f  a n intuitio n ca n involv e 
dynami c imager y tha t  i s controlle d b y a  perceptua l  moto r 
intuitio n schema . 

Implications. There is evidence that students also use 
physica l  intuitions .  Th e literatur e o n alternativ e 
conception s i n scienc e provide s man y examples ,  an d ther e i s 
als o evidenc e fo r  usefu l  intuitiv e preconception s tha t  ca n 
groun d qualitativ e scientifi c  model s (Clement ,  1993) . 
Althoug h th e separatio n betwee n exper t  an d naiv e subject s i s 
significant ,  th e finding  tha t  expert s us e concret e physica l 
intuitio n schema s make s i t  les s sharp ,  an d thi s expert-novic e 
similarit y suggest s tha t  physica l  intuitio n ma y pla y a n 
importan t  rol e i n instruction . 
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Figur e 2  Imagisti c simulatio n {HXKes s showin g hypothesize d menta l  processe s producin g observabl e behaviors . 

I F I  HAVE A  LONGER ROD AND I  PUT A 

TWIST ON I T (MOVES HANDS A S I F TWISTIN G 

A ROD) ,  I T SEEMS T O ME-A6AI N PHYSICAL 

INTUITION--THA T I T WIL L TWIS T MORE.. . 
I' M IMAGININ G HOLDING SOMETHING LIK E 

A BAR OF METAL OR SOMETHING LIK E THAT. 

Figur e 3  Han d movemen t  durin g imagisti c simulatio n fo r  S2 . 
Drawin g i s a n exac t  tracin g from  photograp h o f  vide o image . 
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