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Abstrac t 

In this paper, we describe the characteristics of 
imager y phenomen a i n proble m solving ,  develo p 
a mode l  fo r  th e proces s o f  formin g an d observin g 
menta l  image s i n proble m solving ,  an d chec k th e 
model  agains t  dat a obtaine d from  subjects .  Then , 
we describ e th e interactio n betwee n imagin g an d 
proble m solvin g observed  i n ou r  experiments ,  an d 
discus s th e us e o f  ou r  mode l  t o simulat e it .  W e 
als o discus s th e relatio n betwee n menta l  model s 
and menta l  imag e briefly . 

We ar e intereste d i n explorin g th e rol e an d 
charactoistic s o f  menta l  imager y i n proble m solvin g 
an d understanding .  Ou r  metho d o f  inquir y i s  t o 
observ e h o w subject s understan d ,  wit h th e hel p o f 
thei r  menta l  images ,  th e first ,  kinematic ,  par t  o f 
Einstein' s 190 5 p^>er :  "O n th e Electrodynamic s o f 
Movin g Bodies "  (Einstein,1905) . 

Th e generation ,  maintenance ,  inspection ,  an d 
transformatio n o f  image s hav e bee n wel l  researche d 
i n genera l  an d a t  a  fine  grai n siz e (cf .  Kossly n 198 8 
fo r  summary) .  Fo r  example ,  Shepar d an d Metzle r 
(1971 )  foun d tha t  th e mor e on e rotate s a n image d 
pattern ,  th e mor e tim e i s required .  Ou r  discussio n 
wil l  focu s o n mor e specia l  situation s an d a  rathe r 
large r  grai n size :  o n comple x informatio n processe s 
use d i n solvin g a  non-trivia l  problem .  I n ou r 
experiments ,  subject s use d thei r  image s t o simulat e 
physica l  processes ,  an d b y flnding  th e relatio n 
among th e relate d physica l  quantities ,  the y acquire d 
th e informatio n necessar y fo r  proble m solvin g - -
derivin g th e appropriat e equations . 
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publi c release ;  distributio n unlimited . 
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I n Qi n an d Simo n (1992 )  w e reporte d briefl y o n 
th e majo r  findings  o f  ou r  project .  I n Qi n an d Simo n 
(1990) ,  w e discusse d i n a  preliminar y wa y wha t 
kind s o f  informatio n subject s coul d obtai n fro m 
thei r  menta l  image s an d h o w the y use d i t  i n thei r 
proble m solving .  I n thi s pape r  w e wil l  discus s ho w 
subject s obtai n thi s information ,  i.e. ,  th e processe s 
subject s us e t o form ,  watc h (mak e inference s from ) 
an d chang e thei r  image s durin g thei r  proble m 
solving . 

1.  E x p e r i m e n t 

We will be concerned with the imagery subjects used 
whil e derivin g th e first  pai r  o f  ke y equation s neede d 
t o obtai n th e Lorent z transformatio n equations .  Th e 
readin g materia l  states : 

"Let there be given a stationary rigid rod... We 
no w imagin e th e axi s o f  th e ro d lyin g alon g th e 
axi s o f  X  o f  th e stationar y syste m o f  co -
ordinates ,  an d tha t  a  unifor m motio n o f  paralle l 
translatio n wit h velocit y v  alon g th e axi s o f  x  i n 
th e directio n o f  increasin g x  i s the n imparte d t o 
th e rod...W e imagin e furthe r  tha t  a t  th e tw o end s 
A an d B  o f  th e rod ,  clock s ar e place d whic h 
synchroniz e wit h th e clock s o f  th e stationar y 
system...W e imagin e furthe r  .. .  Le t  a  ra y o f  ligh t 
depar t  fro m A  a t  th e tim e tA .  le t  i t  b e reflecte d a t 
B a t  th e tim e tB ,  an d reac h A  agai n a t  th e tim e 
t'A -  Takin g int o consideratio n th e principl e o f 
th e constanc y o f  th e velocit y o f  ligh t  w e fin d 
tha t 

tB -  t A =  ry^/(c-v )  (1 ) 

and 
tA -  tB=rAB/(c+v )  (2 ) 

wher e rŷ g denote s th e lengt h o f  th e movin g ro d 

-  measure d i n th e stationar y system. " 

Figure 1 shows the process of light traveling 
whil e ro d A B i s  movin g relativ e t o th e stationar y 
system .  Equatio n (1 )  ca n b e derive d a s follows : 
W h en ligh t  arrive s a t  B  a t  th e tim e tg ,  B  ha s move d 

a distance ,  v(t B -1^ ) ,  measure d i n th e stationar y 
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system .  S o th e tota l  distanc e th e ligh t  travele d from 
A t o B  i s  r^ g +  v(t B -  ty )̂ .  W e assum e th e 

constanc y o f  th e velocit y o f  light ,  c ,  whethe r  i t  i s 
measure d i n th e stationar y syste m o r  i n th e syste m 
of  th e movin g rod .  Therefore ,  th e tota l  distanc e th e 
ligh t  travele d firom  A  t o B  i s c(t B -1^^) .  S o w e have : 

c(tB-tA )  =  '-AB + v(tB-tA) . 
Collectin g th e term s i n (t g -1^ ) ,  w e ge t  equatio n 

(1) .  W e cal l  thi s metho d o f  derivatio n th e lengt h 
method . 

Anothe r  method ,  th e velocit y method ,  fo r 
derivin g th e equatio n i s t o pa y attentio n t o velocit y 
instea d o f  length .  W h e n ligh t  travel s fro m A  t o B , 
i t  travel s i n th e sam e directio n a s th e movin g rod . 
So,  relativ e t o th e movin g rod ,  stil l  measure d i n th e 
Stationar y system ,  th e velocit y o f  th e ligh t  i s c-v , 
and th e distanc e th e ligh t  travel s i s r^g .  Fro m th e 

relation :  tim e equal s distanc e divide d b y velocity ,  w e 
als o ge t  equatio n (1) . 

Referenc e syste m an d measure d syste m ar e ke y 
concept s here .  T w o differen t  referenc e system s wer e 
employe d i n th e tw o differen t  methods .  A n 
interestin g phenomeno n i s tha t  i n usin g th e velocit y 
method ,  bu t  no t  i n usin g th e lengt h method , 
subject s usuall y reporte d th e referenc e system . 
Equation s (1 )  an d (2 )  contras t  wit h th e equation s 
base d o n Galilea n transformations ,  whic h assum e 
tha t  th e tim e fo r  ligh t  t o travel ,  measure d i n bot h 
movin g an d stationar y systems ,  i s th e same ,  an d 
th e velocit y o f  ligh t  i s  no t  a  constant . 

We obtai n informatio n from  whic h w e infe r  wha t 
menta l  image s subject s hav e forme d fro m thei r 
protocols ,  th e diagram s the y drew ,  an d thei r 
gestures . 

We hav e analyze d si x subjects '  protocols .  O n e 
subject ,  wit h a n M S degre e i n compute r  science ,  i s 
a researc h assistan t  i n psycholog y a t  Carnegi e 
Mello n Universit y  ( C M U ) .  T h e other s ar e 
undergraduat e o r  graduat e student s i n electrica l 
engineerin g o r  compute r  scienc e a t  C M U .  Non e o f 
the m wer e familia r  wit h derivation s o f  th e Lorent z 
equation s o r  coul d deriv e them .  Non e wer e awar e 
tha t  th e readin g materia l  wa s from  Einstei n (1905) , 
until ,  a t  th e en d o f  th e experiment ,  the y wer e tol d b y 
th e experimenter . 

A m o ng thes e si x subjects ,  S ^  an d S „  wer e aske d 

t o describ e thei r  menta l  images ,  dra w diagrams ,  us e 
diagrams ;  S ^  an d S j  t o describ e images ,  bu t  no t  t o 

dra w diagrams ;  an d S .  an d S ,  t o describ e image s an d 

dra w diagrams ,  bu t  no t  t o retai n th e diagram s (Th e 
experimente r  too k eac h diagra m awa y a s soo n a s i t 
was drawn ,  an d the y coul d no t  dra w diagram s whil e 
derivin g th e equations. )  I n thi s pape r  w e wil l  no t 
emphasiz e difference s betwee n th e groups ,  bu t  wil l 
tr y t o find  som e c o m m o n pattern s a m o n g them . 
What  th e experimenta l  desig n tell s u s i s tha t  fou r  o f 
si x o f  ou r  subject s coul d no t  us e diagram s i n thei r 
proble m solving .  Allowin g som e subject s t o dra w 
diagram s help s u s t o clarif y thei r  protoco l 
statement s abou t  thei r  images .  Conversely . 
protocol s can  hel p u s t o identif y th e menta l  image s 
underiyin g th e diagram s the y drew ,  especiall y i n th e 
cas e o f  th e subject s w h o wer e allowe d t o dra w an d 
us e diagram s whil e derivin g th e equations . 

2.  T h e Proces s o f  F o r m i n g an d 

Watch in g Menta l  Image s 

2.1 Similarities and Individual 
Difference s o f  Subjects '  Menta l  Image s 

In his 1905 paper, Einstein invited his readers 
severa l  time s t o "imagine "  th e situation s h e 
described .  Curiousl y enough ,  th e publishe d pape r 
contain s n o diagram s t o guid e o r  assis t  thi s process . 
Al l  o f  ou r  si x subject s coul d for m an d repor t  thei r 
image s b y mean s o f  diagram s and/o r  protocols . 
Fro m thes e w e can  fin d th e characteristic s o f  thei r 
imagery . 

Figur e 1  i s  base d o n S  ' s diagram .  Figur e 2 

give s th e diagram s draw n b y al l  th e othe r  subject s 
excep t  S(, ,  w h o di d no t  dra w an y diagram s i n thi s 

experiment .  Hi s menta l  imag e i s inferre d b y u s 
fro m hi s  protocol .  T o mak e clea r  th e meanin g o f 
"triangl e image "  i n Sj' s protocol ,  th e experimente r 

aske d S j  t o dra w th e diagra m . 

To for m menta l  images ,  subject s neede d t o ad d t o 
and clarif y th e informatio n i n th e readin g material . 
Withou t  an y diagra m i n th e readin g materia l  t o guid e 
them ,  ther e ar e larg e individua l  difference s amon g 
thei r  images .  Fo r  example :  Sj' s  "triangl e image " 

has a  tim e dimensio n (i n th e horizonta l  direction) , 
but  other s d o not ;  T w o subjects' ,  S g an d Sj .  dre w 

image s tha t  ha d explici t  coordinat e systems ,  other s 
di d not ;  S, '  ro d an d ligh t  travele d i n a  vertica l 

direction ,  bu t  th e others '  i n a  horizonta l  direction . 
Whil e travelin g from  A  t o B ,  i n mos t  subjects ' 
diagrams ,  ligh t  move d i n th e sam e directio n a s th e 
movin g rod ,  bu t  i n Sj '  i n th e opposit e direction . 

However ,  underneat h th e differences ,  ther e ar e 
some similarities .  Fo r  example ,  al l  th e image s 

1051 



u t 

" ^ 

' ^ % 

»» 

,i .  J.0 A 

H ' % r * 

\ 

Figur e 2 

show the process of the light traveling. They 
represen t  a  proces s o f  change .  Al l  o f  the m ar e ver y 
simpl e an d neat ,  containin g onl y informatio n 
necessar y t o th e subjects '  understanding . 

2. 2 A  Mode l  o f  th e Processe s o f  Formin g 
an d Watchin g Menta l  Image s 

Based on the data collected in our experiments, we 
hav e inferre d a  mode l  o f  th e processe s o f  formin g 
and watchin g images ,  show n i n Figur e 3 . 

The boxe s i n Figur e 3  ar e actions ,  th e circle s ar e 
dat a o r  representations ,  th e soli d arrow s sho w th e 
procedur e flow .  W e wil l  discus s the m i n thi s 
section .  Th e dotte d arrow s i n Figur e 3  sho w th e 
informatio n flow ,  i.e. ,  th e influenc e o f  proble m 
solvin g an d menta l  mode l  o n formin g an d watchin g 
menta l  images .  W e wil l  discus s the m i n th e 
followin g tw o sections . 

As show n i n Figur e 3 ,  th e basi c proces s o f 
formin g an d watchin g image s i s a s follows : 

1.  Settin g th e goa l  o f  imaging ; 
2.Collectin g pictur e information ,  suc h a s 

components ,  structure ,  an d kinemati c relations .  I t 
consist s o f  thes e sub-processes : 

a) .  Choosin g typ e o f  image :  Usuall y subject s 
use th e defaul t  valu e (runnin g a n imag e o f  th e 
ful l  situation) .  However ,  S „  an d S g als o ra n a 

simpl e partia l  imag e t o ge t  additiona l 
information ; 

b) .  Choosin g component :  Fo r  example ,  S j  chos e 

th e tim e lin e a s a  componen t  i n hi s image ; 
c) .  Assignin g attribute s an d relations :  Subject s 

assig n a  spatia l  an d a  kinemati c relatio n 
betwee n component s (e.g. ,  ligh t  travelin g fro m 
end A  t o en d B  o f  th e rod) ;  an d assig n a  give n 
valu e t o a n objec t  (e.g., "  th e lengt h o f  th e 
movin g ro d measure d i n th e stationar y syste m 

i s  Tab"-) : 

d) .  Formin g stabl e image :  Integratin g al l  th e 
component s (Thi s seem s necessary ,  bu t  n o 
subjec t  mentione d i t  explicitly) ; 

3.  Choosin g proces s an d frame ,  suc h a s movin g 
components ,  movin g process ,  an d referenc e system , 
etc .  I t  consist s o f  thes e sub-processes : 

a) .  Choosin g movin g components :  Th e defaul t 
valu e i s al l  o f  th e movabl e components . 
However ,  i n S„* s simpl e image ,  onl y ligh t  i s 

represente d a s a  movin g component ; 

PfObls m solvin g 

Imag e 

t 

2.  Collec t  pictur e Informatio n 
(Components ,  Structure , 
Kinemati c relations ) 

3.  Choos e 
proces s an d 
fram e 
(Movin g 
components , 
Movin g 
process , 
Referenc e 
syste m etc. ) 

} 

Dynamica l 

5.  Focu s o n 
specifi c  event s 

6.  Observe d 
result s 

Menta l  model s 

To Proble m 
solvin g 

Figur e 3 
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b) .  Choosin g operatin g method :  Th e choic e i s 
base d o n h o w clea r  th e dynami c proces s (e.g. , 
th e proces s o f  ligh t  traveling )  i s i n subjects ' 
minds .  W h e n i t  i s  clea r  h o w t o m o v e th e 
movin g components ,  subject s d o no t  repor t 
thei r  methods .  Bu t  whe n S „ ,  fo r  example ,  di d 

not  k n o w th e pat h o f  th e light ,  sh e trie d l o 
determin e th e pat h stq )  b y step ,  an d the n forme d 
her  image ; 

c) .  Choosin g referenc e syste m ; 
d) .  Choosin g measurin g syste m ; 
e) .  Choosin g process ,  i.e. .  decidin g wha t  proces s 

he/sh e want s t o see .  Fo r  example ,  S ,  use d th e 

velocit y metho d t o deriv e th e equation .  H e di d 
not  for m a n imag e o f  th e whol e proces s o f 
ligh t  travelin g fro m A  t o B  an d the n bac k t o A . 
Instead ,  h e onl y image d ligh t  leavin g th e A 
end o f  th e ro d an d th e ro d movin g a t  th e sam e 
time ; 

f) .  Directin g attention :  Fixin g attentio n o n 
velocity ,  o r  distance ,  o r  holdin g n o specia l 
focu s o f  attention .  Fo r  example ,  a  subjec t  usin g 
th e lengt h metho d t o deriv e th e equatio n migh t 
not  pa y attentio n t o th e velocit y o f  ligh t 
relativ e t o th e movin g rod ,  bu t  instead ,  focu s 
on th e differenc e betwee n th e lengt h o f  th e ro d 
and th e distanc e th e ligh t  traveled ; 

4.  Formin g origina l  dynamica l  image ; 
5.  Focusin g o n specifi c  events ,  formin g a 

snapshot .  S^ ,  fo r  example ,  reporte d tha t  whe n 

sh e sa w th e ligh t  arrivin g a t  B ,  sh e coul d no t 
see A ,  bu t  sh e k n e w A  wa s moving .  I t  seem s 
possibl e that ,  a t  first ,  subject s for m a n imag e 
tha t  show s th e whol e situation ,  an d whe n 
tryin g t o measur e a  particula r  quantity ,  the y 
delet e som e unrelate d elements ; 

6.  Gettin g th e resul t  o f  observing ,  an d givin g th e 
explanatio n o f  th e observe d result . 

Subject s d o no t  alway s repor t  al l  o f  thei r  steps . 
A rather  complet e report ,  show n below ,  i s  Sj' s 

protoco l  give n whil e h e wa s formin g a  ne w imag e 
t o replac e th e "triangl e image. "  Th e numbe r  i n 
front  o f  a  sentenc e denote s th e (sub-)proces s t o 
whic h th e sentenc e corresponds : 

(1) I try to figure...(2.b, 2.c) it's the ends of the rod, 
A i s on e en d o f  th e ro d an d B  i s th e othe r  en d o f  th e 
rod .  (2.b ,  2.c )  S o I  gues s i t  (light )  i s  goin g from  on e 
end o f  th e ro d t o th e othe r  an d bouncin g bac k t o th e 
firs t  en d o f  th e rod .  (3.c )  An d I' m tryin g t o figur e ou t 
i f  thi s i $ al l  happenin g i n th e movin g frame  o f 
referenc e a s i t  say s R A B goe s th e lengt h o f  th e 
movin g ro d an d measure d i n th e stationar y system . 
(3.d )  Okay .  Al l  right ,  s o thi s i s al l  measure d i n th e 
stationar y system .  (3.e ,  4 )  S o i t  goe s fro m T A t o T B 
it' s  got ,  it' s  goin g from  th e beginnin g o f  th e ro d t o 
th e en d o f  th e rod .  (3.f ,  5 )  An d it' s  go t  a  velocity ,  an d 
th e ro d i s movin g a t  V  an d th e velocit y i s goin g an d 
th e frame  o f  referenc e i s movin g a t  V .  (6 )  S o ligh t 

Behavio r  : 

Inugen r  \ ^ 

behavio r  j ] 

Reasonin g 6 
c behavio r  | ! 

Figur e 4 

impuls e the n appear s t o b e movin g a t  C  minu s V ,  (6 ) 
becaus e it' s  alread y moving ,  poin t  A  i s alread y 
movin g a t  V . 

Of the sub-processes that did not appear in this 
protocol ,  (2.a )  an d (3.a )  see m t o assum e thei r 
defaul t  values ;  an d (2.d )  an d (3.b )  ar e no t  usuall y 
reporte d i n thi s kin d o f  situation . 

3.  T h e Interactio n betwee n Menta l 

I m a g e an d Prob le m Solvin g 

3.1 Subjects' Switches in Attention 
betwee n Reasonin g an d Imagin g 

Figure 4 shows a part of Sj' behavior in the first 

day o f  hi s derivin g th e equation s an d th e image s h e 
forme d i n thi s period .  Th e horizonta l  axi s i s th e 
tim e axis ,  bu t  i t  onl y reflect s th e tim e orde r  o f  th e 
behaviors ,  no t  tim e i n second s o r  minutes .  Th e 
vertica l  axi s show s hi s behavior .  Th e meanin g o f 
th e number s i s a s follow s ( 0 t o 9  ar e reasonin g 
behaviors ,  1 1 t o 1 5 ar e imager y behaviors) : 

0. Reading equations; 
1.  Settin g th e goa l  o f  proble m solving ; 
2.  Describin g th e meanin g o f  t B -  tA ; 
3.  Describin g th e meanin g o f  th e equations ; 
4.  Th e meanin g o f  c  -  v ; 
5.  Th e reaso n fo r  c  -  v ; 
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6.  Th e meanin g o f  rAB :  th e lengt h o f  th e rod ; 
7.  Th e meanin g o f  rAB :  th e disUnc e th e ligh t 

travels ; 
8.  Basi c principle :  distanc e formul a t  =  d/v ; 
9.  Derivin g o r  givin g th e reaso n fo r  th e equations ; 
10.  Self-monitoring ; 

11. Qualitative characteristics of the equations; 
12.  Th e valu e o f  th e velocity ,  b y observin g th e 

image ; 
13.  Th e reasonin g fo r  th e valu e o f  velocity ; 
14.  Image ,  payin g attentio n t o th e velocity . 
15.  Genera l  image ; 

As shown in Figure 4, S, switched his attention 

betwee n formin g an d watchin g images ,  an d 
reasonin g abou t  equations .  Al l  o f  th e subject s di d 
so.  S^an d Ŝ ' s  protocol s ar e ver y short ;  the y onl y 

spen t  6  an d 9  minutes ,  respectively ,  i n thi s par t  o f 
th e task ,  an d onl y switc h 2  an d 5  times . 
respectively .  Other s spen t  mor e tim e o n thi s par t 
and switche d mor e often .  Fo r  exampl e S j  spen t  50 0 

minute s an d switche d 13 3 times .  Omittin g $„ , 

(som e o f  he r  dat a wer e lost) ,  amon g 5  subjects ,  th e 
averag e frequenc y o f  switchin g i s  onc e i n 4 
minutes ;  th e rang e o f  frequencie s amon g th e 
subject s i s fro m 0.1 5 t o 0.5 5 time s j)e r  minute . 

Heav y S T M loa d coul d b e on e o f  th e reason s fo r 
th e attentio n switching .  However ,  a s show n i n 
Figur e 4 ,  i n th e cours e o f  thi s switc h proces s a 
subjec t  m a y chang e hi s image .  S o anothe r  reaso n 
coul d b e th e interactio n betwee n imagin g an d 
proble m solving . 

3. 2 T h e influenc e o f  proble m solvin g o n 
formin g an d watchin g image s 

Images can change the method of problem solving 
(Qi n an d Simon ,  1990) .  O n th e othe r  hand ,  image s 
ar e buil t  fo r  th e purpose s o f  proble m solving ,  an d 
th e proble m requirement s ca n chang e th e images . 

As show n i n Figur e 3 ,  ou r  mode l  propose s tha t 
proble m solvin g wil l  determin e th e goa l  o f  a n 
image ,  an d influenc e th e processe s o f  collectin g 
pictur e informatio n an d choosin g proces s an d frame . 
We wil l  describ e som e type s o f  change s i n imagin g 
observe d i n ou r  experiment ,  an d sho w h o w w e 
simulat e the m i n ou r  model . 

1. Change the image wholly, as Sjdoes, for 

example ,  whe n th e imag e appear s inappropriat e t o 
th e problem .  Thi s ca n b e simulate d b y changin g th e 
choic e o f  components ,  attribute s an d relations . 

2.  Fo r m a  ne w rathe r  simpl e imag e t o ge t 
additiona l  information ,  a s see n i n S„' s an d S '̂ s 

protocols .  Thi s ca n b e simulate d b y choosin g a 
differen t  typ e o f  image ; 

3.  Chang e a  loca l  par t  o f  a n imag e t o clarif y a 
relation .  Onl y afte r  sh e mad e thi s kin d o f  chang e 
t o sho w th e qualitativ e relation s amon g unknow n 
quantities ,  coul d S „  deriv e th e equations .  Suc h 

change s ca n b e accomplishe d b y observin g th e ol d 
imag e t o ge t  qualitativ e result s an d the n matchin g 
thes e result s t o relate d quantities ; 

4.  Chang e th e relatio n amon g th e component s o f 
an imag e an d th e value s o f  component s i n th e imag e 
when a  wron g answe r  i s obtained .  Figur e 4  show s 
an exampl e fro m S^ .  Suc h a  chang e ca n b e 

simulate d b y alterin g th e menta l  mode l  an d th e 
assignment s o f  attribute s an d relations ; 

5.  Shif t  attentio n fro m on e metho d t o anothe r 
when difficultie s ar e encountered ,  e.g .  fro m th e 
velocit y t o th e lengt h method .  Thi s i s  th e easies t 
kin d o f  change ,  an d th e on e mos t  ofte n use d b y th e 
subjects .  Fou r  o f  th e si x subject s change d methods , 
S:  changin g 7  time s an d S ^  9  times .  Th e metho d 

ca n b e change d b y alterin g th e focu s o f  aaention . 

4.  Menta l  Model s an d 
Menta l  Imag e 

Subjects usually gave reasons for their images. For 
example ,  S ^  reporte d whil e formin g he r 

image :  "Ligh t  travelin g need s time .  So ,  B  i s 
moved... "  I n Figur e 2 ,  sectio n 2 ,  w e hav e see n th e 
influenc e o f  subjects '  differen t  prio r  availabl e 
knowledg e o n thei r  images . 

As see n i n Sj' s  protoco l  i n sectio n 3 ,  whe n 

subject s reporte d a n "observe d value" ,  the y als o 
usuall y gav e thei r  reasons .  I t  seem s tha t  th e 
"observe d value "  i s  obtaine d b y combinin g th e 
visua l  informatio n (base d o n "seeing "  i n th e 
"mind' s eye") ,  an d reasonin g base d o n pio r  availabl e 
knowledge .  W e cal l  thi s prio r  knowledge ,  whic h 
may b e evoke d b y th e languag e o f  th e proble m 
description ,  th e menta l  model .  Fro m anothe r 
viewpoint ,  imager y i n proble m solvin g seem s t o 
integrat e informatio n alread y availabl e i n th e menta l 
model  wit h ne w information ,  an d thereb y reac h 
conclusion s tha t  ar e impossibl e o r  difficul t  t o infe r 
withou t  images . 

I f  ther e i s a  bu g i n a  menta l  model ,  a  subjec t 
may for m a  wron g imag e o r  "observe "  a  wron g 
resul t  fro m th e image .  Fo r  example ,  b y watchin g a 
correc t  image ,  th e first  on e show n i n Figur e 4 ,  S j 

derive d a  wron g valu e o f  ligh t  velocity ,  whic h wa s 
opposit e t o th e equation s (1 )  an d (2) .  H e reporte d i n 
hi s protoco l  abou t  th e situatio n o f  ligh t  travelin g 
fro m A  t o B :  "i f  yo u loo k a t  th e botto m o f  th e rod , 
th e spee d o f  ligh t  relativ e t o stationar y syste m i s i n 
th e sam e directio n a s th e ro d s o i t  woul d simpl y b e 
th e distanc e divide d b y C  plu s V  whic h i s th e spee d 
relativ e t o th e stationar y coordinat e system. "  an d 
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abou t  from  B  bac k t o A:"S o yo u hav e th e thin g 
movin g a t  V  an d th e ligh t  i s  bein g shine d bac k s o 
yo u hav e t o subtrac t  th e tw o becaus e the y ar e goin g 
i n differen t  directions. "  I t  appear s tha t  S .  too k 

Galilea n transformation s a s hi s menta l  mode l  o f  th e 
situation .  (Fo r  example ,  i n computin g th e velocit y 
of  a  boa t  travelin g i n th e directio n o f  th e curren t  a s 
measure d from  th e bank ,  th e velocit y i s  c+v) . 

5. Discussion and Conclusion 

In this paper, we have described the 
characteristic s o f  imager y i n proble m solving ,  hav e 
develope d a  mode l  fo r  th e proces s o f  forming , 
watchin g an d changin g menta l  image s i n proble m 
solving ,  an d hav e checke d th e mode l  i n a 
preliminar y way .  W e hav e als o describe d th e 
interaction s betwee n imagin g an d proble m solvin g 
tha t  w e observe d i n ou r  experimen t  an d hav e 
discusse d h o w ou r  model' s behavio r  ca n b e 
simulated .  W e hav e als o discusse d th e relatio n 
betwee n menta l  model s an d menta l  imag e briefly . 

Menta l 

model s 

O (D 

Readin g 

material 

L ^ 

Menta l 

imag e 

Proble m 

solvin g 

2 ) :  Th e menta l  model s guid e th e attentio n i n 
reading ,  an d influenc e th e proces s o f  gettin g 
informatio n fro m th e readin g material ; 

3) ,  5) ,  10) :  Menta l  models ,  readin g material ,  aui d 
th e feedbac k fro m proble m solvin g ar e th e 
informatio n source s fo r  image ; 

7) ,  9) ,  11) :  Menta l  models ,  readin g material ,  an d 
imag e offe r  informatio n i n proble m solving ; 

6) ,  12 )  Imag e an d proble m solvin g als o influenc e 
reading . 

On th e on e hand ,  th e proces s o f  formin g an d 
watchin g menta l  image s involves :  (1 )  formin g th e 
imag e (th e objec t  t o b e observed) ;  (2 )  focussin g 
anentio n (choosin g th e quantitie s t o b e measured) ; 
(3 )  acquirin g th e valu e o f  th e measure d quantities . 
Thi s procedur e i s simila r  t o people' s observin g th e 
outsid e worl d t o ge t  informatio n fo r  proble m 
solving .  O n th e othe r  hand ,  th e resul t  obtaine d b y 
formin g an d watchin g menta l  image s depend s o n 
subjects '  menta l  models .  Menta l  imager y seem s t o 
involv e s o m e combinatio n o f  th e visua l 
information ,  whic h i s  base d o n "seeing "  i n th e 
"mind' s eye" ,  an d reasonin g base d o n give n 
knowledge .  Thes e relation s amon g readin g material , 
menta l  models ,  menta l  image s an d proble m solvin g 
ar e depicte d i n Figur e 5 . 

Th e consistenc y i n thi s experimen t  o f  ou r 
subjects '  drawings ,  gestures ,  an d protocols ,  an d th e 
consistenc y o f  thes e dat a wit h th e researc h o n th e 
neura l  basi s o f  menta l  imager y (Farah ,  1985 ; 
Kosslyn ,  1987 )  suppor t  th e usefulnes s o f  thes e fou r 
kind s o f  mutuall y reinforcin g dat a a s source s o f 
informatio n abou t  invisibl e menta l  images .  A  grea t 
deal  o f  wor k remain s t o b e don e o n th e relatio n 
betwee n interna l  an d externa l  representation s befor e 
we ca n hav e complet e confidenc e i n th e 
generalization s w e hav e draw n from  th e evidence , 
and th e condition s unde r  whic h thes e generalization s 
hold . 
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