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Abstrac t 

The purpose of this study is to propose a process model to 
explai n elementar y schoo l  students '  solution s o f  thre e 
simpl e problem s i n elementar y mechanics .  Fort y eigh t  5 " 
grad e student s wer e give n thre e drawing s depictin g object s 
of  variou s size s i n differen t  kineti c state s o r  bein g pushe d 
by a  huma n agent .  The y wer e aske d t o sa y whethe r  a  forc e 
was bein g exerte d o n th e object s an d t o explai n why .  A 
proces s mode l  ha s bee n propose d t o explai n students ' 
answer s t o th e thre e questions .  Th e innovatio n o f  th e 
proces s mode l  i s  tha t  i t  attempt s t o lin k tw o level s o f 
representation :  A  semanti c level ,  wher e a  concep t  i s 
analyse d i n term s o f  th e presuppositions ,  beliefs ,  an d 
menta l  model s tha t  underli e i t  an d a  syntacti c leve l  tha t 
specifie s ho w concept s ar e relate d t o othe r  concept s i n 
hierarchica l  categories .  Th e wor k ha s bee n validate d b y a 
compute r  mode l  designe d b y th e A I  tea m (Vosniadou , 
Kayser ,  Champesme,  loannide s &  Dimitrakopoulou ,  i n 
press) . 

1. Introduction 

Th e presen t  projec t  i s  base d o n collaborativ e an d 
interdisciplinar y wor k tha t  too k plac e i n th e framework  o f 
th e projec t  Learnin g i n H u m a n s an d Machine s sponsore d 
by th e Europea n Scienc e Foundation .  Th e purpos e o f  th e 
researc h wa s t o brin g togethe r  th e know-ho w from  th e fields 
of  cognitiv e psycholog y an d artificia l  intelligenc e i n vie w 
of  th e fulfillmen t  o f  tw o mai n goals .  Th e first,  mostl y 
relevan t  fo r  cognitiv e psychology ,  i s t o propos e a  theor y o f 
th e developmen t  o f  knowledg e acquisitio n i n mechanics , 
wit h th e hel p o f  computationa l  models ,  clearl y formalise d 
and precisel y testable .  Th e second ,  relevan t  mostl y fo r 
artificia l  intelligence ,  i s t o obtai n powerfu l  guideline s fo r  a 
mor e effectiv e desig n strateg y o f  learnin g systems ,  startin g 
from  th e ver y basi c issu e o f  wha t  knowledg e the y shoul d 
handl e an d h o w t o represen t  it . 

2. Theoretical Framework 

2. 1 M e n t a l  M o d e l s o f  F o r c e 

TTier e ar e differen t  way s t o thin k abou t  th e wa y concept s ar e 
organize d i n th e knowledg e base .  S o m e researcher s pa y 

particula r  attentio n t o specifyin g assume d hierarchica l 
relation s amon g concept s an d categories ,  i n othe r  word s t o 
providin g a  syntacti c descriptio n o f  conceptua l 
organization .  Othe r  researcher s pa y mor e attentio n t o 
menta l  representation s o r  menta l  model s (e.g. ,  Larkin , 
1983) ,  o r  t o assume d underlyin g theoretica l  structures , 
suc h a s scheme s o r  theorie s (Carey ,  1991) . 

I n previou s wor k (loannide s an d Vosniadou ,  1995 ; 
submitted )  w e use d th e theoretica l  mode l  an d methodolog y 
describe d i n a  serie s o f  studie s o n knowledg e acquisitio n i n 
astronom y (Vosniado u an d Brewer ,  1992 ;  1995 ; 
Vosniadou ,  1994) ,  t o investigat e th e developmen t  o f  th e 
concep t  o f  force .  Th e result s showe d tha t  i t  i s  possibl e t o 
classif y approximatel y 8 0 % o f  th e student s i n ou r  sampl e 
as usin g on e ou t  o f  si x relativel y well-define d menta l 
model s o f  forc e i n a  logicall y consisten t  way .  Mor e 
specifically ,  th e si x menta l  model s o f  forc e show n i n tabl e 
1 wer e identified .  Thes e model s wer e use d i n diffaen t 
frequencies  b y student s rangin g i n ag e from  5  year s 
(kindergarten )  t o 1 5 year s (9t h grade) . 

As ca n b e see n i n tabl e 1 ,  youn g childre n star t  wit h a 
menta l  mode l  o f  forc e a s a n interna l  propert y o f  object s tha t 
appea r  t o b e larg e and/o r  heavy .  Soon ,  th e notio n o f  a n 
acquire d forc e i s adde d t o o r  replace s th e notio n o f  interna l 
force .  Thi s acquire d forc e i s suppose d t o b e imparte d t o a 
movin g inanimat e objec t  b y th e pus h o r  pul l  o f  anothe r 
objec t  an d t o explai n th e object' s movement .  Th e us e d 
iarf x t o explai n th e movemen t  o f  inanimat e object s ha s 
bee n note d i n previou s researc h (Clement ,  1983 ; 
McCloskey ,  1983) .  Olde r  childre n star t  t o mentio n th e 
forc e o f  gravit y bu t  construc t  variou s misrepresentation s o f 
gravit y whic h wil l  no t  b e discusse d her e (fo r  mor e details , 
see loannide s an d Vosniadou ,  1993) . 

2.2 Hypothesized conceptual structure 

Menta l  model s ar e assume d t o b e base d o n th e subject' s 
interpretatio n o f  th e incomin g informatio n an d t o b e 
constraine d b y underlyin g knowledg e structures .  I n th e 
theoretica l  framework  w e hav e develope d t o explai n th e 
proces s o f  acquirin g knowledg e abou t  th e physica l  world , 
we hav e mad e a  distinctio n betwee n wha t  w e cal l  specifi c 
theorie s sai d framework  theorie s (Vosniadou ,  1994) . 
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Tabl e 1 :  Menta l  model s o f  forc e an d thei r  us e a s a  functio n 
of  grad e 

Menta l  Model s 

1.  INTERNA L 

FORCE:  Ther e i s 

an interna l  forc e i n 

heav y objects ,  no t 

affecte d b y positio n 

or  motio n 

2.  INTERNA L + 
ACQUIRED 
FORCE:  Ther e i s 
an interna l  forc e i n 

heav y object s tha t 

ar e stationar y an d a n 

additional ,  acquire d 

force ,  whe n the y 

move. 

3.  INTERNA L 
FORCE I N 
STATIONARY 
OBJECTS:  Ther e i s 
an interna l  forc e 

onl y i n stationary , 

heav y objects . 

4.  ACQUIRED 
FORCE Ther e i s a n 
acquire d forc e i n 

movin g object s 

only . 

5.GRAVnY+ 
ACQUIRED 
FORCE:  Ther e i s 
th e forc e o f  gravit y 

on al l  stationar y an d 

fallin g objects ,  an d 

an acquire d forc e i n 

al l  object s tha t  hav e 

been thrown . 

6.  N O FORCE: 
Ther e i s n o forc e o n 

any objec t  unles s a n 

obviou s agen t  i s 

actin g o n i t 

7.  Othe r 

8.  Mixe d 

1 Kind / 

te n 

40 % 

13.3 % 

13.3 % 

0 % 

0 % 

0% 

6.7 % 

2 6 . 7 % 

4t h 
grad e 

6.7 % 

26 .7 % 

6.7 % 

10% 

6.7 % 

0% 

10% 
33 .3 % 

6t h 
grad e 

0% 

13.3 % 

0% 

43 .3 % 

6.7 % 

0% 

13.3 % 

23 .3 % 

9t h 
grad e 

0% 

0% 

0% 

2 0 . 7 % 

4 6 . 7 % 

3% 

6.7 % 

23 .3 % 

A frameworic  theor y i s  suppose d t o consis t  o f  certai n 
fundamenta l  presupposition s abou t  th e wa y physica l 
object s behave ,  acquire d earl y i n infancy .  Specifi c  theorie s 
consis t  o f  a  se t  o f  interrelate d proposition s o r  belief s tha t 
explai n physica l  phenomena ,  generate d throug h th e 

interpretation s o f  observation s an d informatio n presente d b y 
th e cultur e unde r  th e constrainin g influenc e o f  th e relevan t 
framework  theory .  I n table s 2  an d 3  w e ca n se e th e 

assume d framework  an d specifi c  theorie s tha t  imderli e th e 

model  o f  interna l  forc e an d th e mode l  o f  acquire d force . 
As ca n b e see n i n tabl e 2 ,  th e interna l  forc e mode l  i s 

assume d t o b e constraine d b y a n underlyin g presuppositio n 
tha t  forc e i s a n interna l  propert y o f  physica l  objects .  Th e 
specifi c  theor y underlyin g thi s menta l  mode l  o f  forc e 
appear s t o b e base d o n th e everyda y observatio n tha t  heav y 
object s resis t  th e push/pul l  o f  othe r  object s o r  humans . 

Table 2: Hypothesised conceptual structure underlying the 

interna l  forc e mode l 

Framewor k theor y Specifi c  theor y 

Presupposition s Observation s o r  othe r  informatio n 
i n th e cultura l  contex t 

-  Ther e ar e physica l 
objects .  Ther e ar e 
animat e an d 
inanimat e physica l 
objet s 

- Physical objects 
hav e properties . 
Forc e i s a  propert y 
of  inanimat e o r 
animat e object s etc . 

H u m a ns tha t  pus h 
or  pul l  othe r 
humans 
or  objects , 
exer t  forc e 

Heav y object s 
resis t  th e push , 
pul l  o f  othe r 
object s o r 
humans .  Ligh t 
object s d o no t 

Belief s 

Heav y object s hav e interna l 
forc e 

Menta l  mode l 

Ther e i s a n interna l  forc e i n heav y 
objects ,  movin g o r  stationar y no t 

affecte d b y motio n o r  positio n 

I n th e theoretica l  framework  w e hav e describe d th e 
knowledg e acquisitio n proces s proceed s throug h change s i n 
specifi c an d framework  theorie s whic h com e eithe r  a s th e 
resul t  o f  systemati c instructio n o r  throug h ne w 
observation s an d cultura l  experience s i n th e absenc e c f 
systemati c instruction .  Fo r  example ,  th e chang e from  th e 
interna l  forc e mode l  (tabl e 2 )  t o th e acquire d forc e mode l 
(tabl e 3 )  i s  explaine d o n th e basi s o f  change s i n th e 
presupposition s o f  th e fiamewoik  theor y (forc e i s  stil l 
considere d t o b e a n interna l  propert y o f  animat e object s bu t 
not  o f  inanimat e objects) .  Ther e ar e als o change s i n th e 
belief s o f  th e specifi c  theor y tha t  tak e place .  A s tabl e 3 
shows ,  inanimat e object s ar e differentiate d from  animat e 
object s o n th e ground s tha t  the y lac k self-initiate d 
movement .  Forc e i s n o w considere d t o b e th e caus e o f  a n 
inanimat e object' s motion .  I n thi s theoretica l  fiBmewoik, 
concept s ar e analyze d i n term s o f  th e assume d dieoretica l 
structure s tha t  underli e them .  Conceptua l  chang e i s 
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explaine d i n term s o f  change s i n th e presupposition s an d 

belief s tha t  m a y com e spontaneousl y o r  a s th e produc t  o f 
instruction . 

Table 3: Hypothesised conceptual structure underlying the 

acquire d forc e mode l 

Framewor k theor y 

Presuppositions 

Specifi c  theor y 

Ontologica l 

- There are physical 
objects .  Ther e ar e 
animat e an d 
inanimat e object s 
-Physica l  object s 
hav e properties . 
Forc e i s a  propert y 
of  animat e object s 

Observation s o r  othe r  informatio n 
i n th e cultura l  contex t 

bianimat e 
object s 
nee d t o b e 
pushe d o r 
pulle d i n 
orde r  t o b e 
moved 

Animat e 
object s 
move b y 
themselve s 

•lli^iUlUUjLLlLAi L 
i n res t  o r  i n motio n 
etc . 

Epistemological 

- In inanimate 
objects ,  processes , 
lik e motion ,  nee d t o 
be explaine d 

-  Explanation s 
shoul d b e causa l  etc . 

The motio n 
of  a n 
inanimat e 
objec t 
continue s 
fo r  a  whil e 
and the n i t 
stop s 

We hypothesize d tha t  i n orde r  t o answe r  thi s question , 
student s woul d searc h thei r  knowledg e bas e fo r  informatio n 
regardin g force .  I f  the y woul d for m th e interna l  fwc e 
model ,  the y woul d giv e response s o f  th e kin d Yes ,  ther e i s 
a forc e exerte d o n th e stone s becaus e the y hav e weight ,  o r 
mass,  o r  Ther e i s forc e exerte d o n th e first  ston e becaus e i t 
i s  bigge r  o r  heavie r  tha n th e smalle r  stone .  I n th e cas e 
student s forme d th e acquire d forc e model ,  w e expecte d 
answer s suc h a s No ,  ther e i s n o forc e exerte d o n th e stone s 
becaus e the y d o no t  move .  Th e respons e type s w e actuall y 
obtaine d whe n w e gav e thi s questio n t o 5t h grad e student s 
ar e show n i n tabl e 5 . 

Table 5: Students' responses to question 1 

Respons e type s 

Yes,  a  forc e i s exerte d 

on bot h stone s 

becaus e the y ar e 

big/heav y the y hav e 

No forc e i s exerte d o n 

th e stone s becaus e 

the y ar e no t  movin g 

Yes,  a  forc e i s exerte d 

on bot h stone s 

becaus e th e eart h 

pulls/attract s the m 

No forc e i s exerte d o n 

th e stones ,  becaus e 

th e ma n doe s no t  pus h 

them/exert s effor t 

Othe r 

Assumed menta l 

model 

Interna l  forc e 18.4 % 

Belief s 

W h en a n agen t  Th e objec t 
pushes/pulls/throw s stop s whe n 
etc .  a n objec t  he/sh e th e forc e 
impart s t o th e objec t  disappear s -
a forc e whic h goe s awa y 
sustain s it s 
movement 

Menta l  mode l 

Ther e i s a n acquire d 
forc e i n inanimat e 

movin g object s 

3 .  Proces s M o d e l 

3. 1 Fo rc e i n an imat e object s 

I n th e presen t  wor k w e trie d t o us e th e theoretica l 
framework  describe d abov e a s th e basi s fo r  a  proces s mode l 
t o explai n 5t h grad e students '  response s t o problem s i n 
mechanics .  Le t  u s star t  wit h questio n 1 ,  whic h appear s i n 
tabl e 4 . 

Table 4: Question 1 

1 

Thes e tw o stone s ar e jus t  standin g there .  I s ther e a 

forc e exerte d o n them ? 

Acquire d forc e 

Force of gravity 

Push/pull 

26.5 % 

20.3 % 

30.6 % 

4.2 % 

As w e ca n se e a  larg e percentag e o f  th e response s (45% ) 
t o questio n 1  ca n b e explaine d b y assumin g tha t  student s 
use d eithe r  th e interna l  forc e mode l  (18.4%) ,  o r  th e 
acquire d forc e mode l  (26.5%) ,  o r  th e forc e o f  gravit y 
model  (20.3%) .  Thi s leave s unexplaine d th e remainin g 
34.8 % o f  th e students '  responses .  Som e childre n gav e 
response s o f  th e sor t  N o forc e i s exerte d o n th e stone s 
becaus e th e m a n doe s no t  pus h them ,  o r  exert s effort . 
Thes e response s indicate d tha t  som e student s di d no t  focu s 
thei r  attentio n o n th e inanimat e object s (th e stones )  bu t  th e 
animat e objec t  (th e man )  an d note d th e absenc e o f  fixce 
bein g exerte d o n th e stone s b y th e man . 

Afte r  a  clos e examinatio n o f  students '  response s t o 
questio n 1  a s wel l  a s t o question s 2  an d 3  (show n i n tabl e 
6)  w e adde d anothe r  menta l  mode l  o f  force ,  th e push/pul l 
model .  Thi s mode l  ha d bee n identifie d i n ou r  previou s 
wor k i n referenc e t o animat e objects .  I t  attempt s t o captur e 
th e notio n o f  forc e associate d wit h animat e ratiie r  tha n wit h 
inanimat e objects .  Accordin g t o thi s model ,  forc e i s a 
propert y o f  animat e object s tha t  ca n ac t  o n othe r  object s 
(mainl y throug h pus h o r  pull) .  I t  i s  relate d t o physica l 
characteristic s o f  object s suc h a s siz e an d weight ,  an d i t 
transfer s t o othe r  object s b y direc t  contact .  Usin g thi s 
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additiona l  mode l  offere e w e wer e abl e t o accoun t  fo r  abou t 
9 5 % o f  students '  response s t o th e thre e questions . 

3.2 Context effects 

We hav e argue d tha t  5 *  grad e students '  response s t o th e 

thre e question s abou t  mechanic s problem s show n bello w 
can b e explaine d b y assumin g tha t  thes e student s construc t 
one o f  fou r  relativel y wel l  define d menta l  model s o f  force .  I t 
appears ,  however ,  tha t  thes e menta l  model s ar e no t 
mutuall y exclusiv e an d tha t  th e probabilit y  o f  activatin g 
one mode l  o f  forc e a s oppose d t o anothe r  i s influence d b y 
th e verba l  an d pictoria l  conten t  o f  th e question s asked . 
Tabl e 6  show s th e percentag e o f  response s obtaine d fo r  th e 
fou r  model s o f  force . 

Table 6: Context effects: Percentage of responses as a 

functio n o f  questio n typ e 

Menta l 

Model s 

of  Forc e 

Push/pul l 

Interna l 

Acquire d 

Gravit y 

Questio n 1 : 

Th e tw o 

stone s ar e 

jus t  standin g 

there . 

I s ther e a 

forc e exerte d 

on th e 

stones ? 

30 .6 % 

18.4 % 

2 6 . 5 % 

20 .3 % 

Questio n 2 : 
The secon d 
ston e 
moves ,  th e 
first  doe s 
not .  I s ther e 
a forc e 
exerte d o n 
th e stones ? 

6 1 . 2 % 

8.1 % 

2 4 . 4 % 

0% 

Questio n 3 : 

The m a n 

canno t  mov e 

th e box .  I s 

ther e a  forc e 

exerte d o n 

th e box ? 

j 8 

j f r n 

89.6 % 

0% 

4 % 

2 % 

1.  Th e push/pul l  mode l  i s th e mos t  frequently  used .  It s 
probabilit y o f  us e increase s i n th e presenc e o f  a n animat e 
agen t  exertin g forc e o n a n objec t  (Question s 2  &  3) . 
2.  Th e gravit y mode l  i s th e leas t  frequent.  It s probabilit y 
of  us e increase s i n th e absenc e o f  a  push/pul l  b y a n animat e 
agen t  (Questio n 1) . 
3.  Th e interna l  an d acquire d forc e model s ar e als o mos t 
frequent  i n th e absenc e o f  a  push/pul l  b y a  huma n agent . 
The interna l  forc e mode l  wa s mos t  frequent  i n th e absenc e 
of  movemen t  (Questio n 1) . 

3.3 Internal Consistency 

The contex t  effect s describe d abov e indicat e tha t  eac h 
studen t  ha s a t  his/he r  disposa l  differen t  alternativ e 
representation s o f  forc e whic h ar e activate d selectivel y i n 
differen t  contexts .  A s w e saw ,  ther e ar e noticeabl e change s 
i n th e frequency  o f  us e o f  th e fou r  model s o f  forc e i n th e 
differen t  question s b y th e sam e subjec t  population .  W e 
als o kno w tha t  th e differen t  menta l  model s o f  forc e mus t  b e 
relativel y unconnecte d from  eac h othe r  an d no t  integrate d i n 
a highe r  orde r  system .  Thi s mus t  b e th e cas e becaus e w e 
foun d student s t o us e onl y on e mode l  o f  forc e a t  a  time .  I n 

othe r  words ,  w e di d no t  hav e eve n on e cas e o f  a  studen t 
w ho use d mor e tha n on e mode l  t o answe r  a  give n question . 
We di d no t  hav e response s o f  th e sort ,  Ye s ther e ar e tw o 

force s exerte d o n th e stone .  Th e forc e o f  gravit y an d th e 
forc e fro m th e man' s push .  F ro m thi s w e deduc e tha t  th e 
differen t  model s o f  forc e ar e relativel y isolate d from  eac h 

othe r  an d no t  integrate d i n a  highe r  orde r  system . 
The co-existenc e o f  mor e tha n on e menta l  model s offere e 

raise s th e issu e o f  interna l  consistency .  S o fer  w e hav e 
argue d i n ou r  wor k (Vosniadou ,  1994 ;  Vosniado u & . 
Brewer ,  1992 ,  1994 )  tha t  mos t  student s ar e logicall y 
consisten t  i n thei r  us e o f  no t  mor e tha n on e menta l  mode l 
t o answe r  ou r  question s abou t  th e earth ,  th e day/nigh t  cycl e 
or  abou t  force .  Ar e th e presen t  findings  contradictin g ou r 
previou s claims ? 

Table 7: Assumed Categorization of the Concept of Force 
(fo r  elementar y schoo l  children ) 

Al l  Entitie s 

etc . Abstrac t  Entitie s 

Physica l  Object s 
t o b e affecte d b y 
earth' s 
attraction , 
gravi t it y 

Gravit y 

Animat e Forc e 

Push/pul l Interna l  Forc e 

Inanimat e — Forc e 

X 
Acquire d Forc e 

We believ e tha t  th e proble m ca n b e solve d i f  w e assum e 
tha t  th e interna l  forc e an d acquire d forc e model s appl y t o 
inanimat e object s an d tha t  th e push/pul l  mode l  applie s t o 
animat e objects ,  a s show n i n tabl e 7 .  I n othe r  words ,  w e 
assume tha t  i n th e conceptua l  syste m o f  th e 1 1 yea r  ol d 
child ,  forc e i s categorize d differentl y fo r  animat e versu s 
inanimat e objects .  Fo r  animat e objects ,  th e push/pul l 
model  o f  forc e applies ,  wherea s fo r  inanimat e object s w e 
hav e th e model s o f  interna l  an d acquire d forc e (i n additio n 
t o th e othe r  model s mentione d i n tabl e 1) .  I n suc h a 
system ,  interna l  inconsistenc y appear s onl y i f  th e interna l 
and acquire d fwc e model s ar e use d b y th e sam e chil d i n 
differen t  contexts .  A n examinatio n o f  th e dat a show s tha t 
out  o f  a  tota l  o f  4 9 subjects ,  onl y on e subjec t  use d th e 
interna l  an d acquire d forc e model s inconsistentl y (th e 
interna l  forc e mode l  i n question s 1  an d 2  an d th e acquire d 
forc e mode l  i n questio n 3) . 

Thi s stil l  leave s unsolve d th e proble m o f  h o w th e menta l 
model  o f  th e forc e o f  gravit y i s used .  I t  appear s tha t  th e 
gravit y mode l  come s throug h instructio n t o b e adde d t o th e 
existin g conceptua l  syste m o f  th e 1 1 yea r  ol d chil d an d t o 
be interprete d t o appl y t o physica l  object s i n general . 
Thus ,  th e gravit y menta l  mode l  ca n theoreticall y tak e th e 
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plac e o f  an y animat e o r  inanimat e mode l  o f  force .  W h e n 

contextua l  cue s lea d t o th e activatio n o f  th e gravit y model , 
th e searc h stop s ther e an d th e othe r  menta l  model s o f  forc e 

ar e no t  utilized .  W e understan d tha t  thi s i s  a  ver y 
preliminar y treatmen t  o f  th e notio n o f  gravity .  W e kno w 
from  previou s wor k tha t  ther e ar e variou s misconception s o f 
gravity .  Thes e issue s ar e furthe r  investigate d i n ongoin g 
work . 

T o conclude ,  a s show n i n tabl e 7 ,  forc e ca n appea r  i n 
differen t  place s i n a n assume d categorizatio n tree .  I t  ca n 
appea r  unde r  inanimat e object s eithe r  a s a n inheren t  interna l 
propert y (interna l  force )  o r  a s a n acquire d propert y 
(acquiredforce) .  I t  ca n appea r  unde r  animat e object s a s th e 
fraic e exerte d b y a  person' s pus h o r  pull .  Finall y i t  m a y 
appea r  a s a  propert y o f  physica l  object s t o b e affecte d b y th e 

earth' s attractio n (gravity) .  O n th e basi s o f  ou r  previou s 
developmenta l  wor k i n thi s are a w e ca n sa y tha t  thes e 
categorization s o f  forc e appea r  t o hav e evolve d from  a 
simple r  syste m wher e th e notio n o f  gravit y wa s absen t  an d 
wer e th e interna l  forc e mode l  precede d tha t  o f  th e acquire d 
force .  No t  m u c h i s  know n abou t  th e model s o f  farc e 
associate d t o a n animat e agent . 

4. Validation 

From an A.I. point of view, the task of providing a model 
adapte d t o th e abov e finding s appear s ver y difficult .  A s a 
matte r  o f  feet,  th e proble m require s th e presenc e o f  severa l 
"copies "  o f  th e sam e concept ,  e.g .  force ,  withi n a  singl e 
globa l  representation .  Detail s o n th e solutio n adopte d ar e 
give n i n [Vosniado u &  al. ,  i n press] .  Briefly ,  eac h fac t  an d 
rul e o f  th e knowledg e bas e i s indexe d wit h a  boolea n vecto r 
indicatin g i n whic h model(s )  — e.g .  Interna l  Forc e (IF ) 
and Acquire d Forc e ( A F ) — i t  i s  considere d a s valid . 
Fact s an d rule s ar e provide d i n a  languag e exactl y tailore d 
fo r  th e need s o f  thi s experiment ,  whic h ca n b e see n a s a 
syntacti c varian t  o f  a  fragment  o f  first-orde r  predicat e logic . 
A ver y brie f  descriptio n o f  th e mode l  I F i s give n below : 

inanimate: jg^ physical object 

relatio n weigh t  { < 1) :  S  measur e 

relatio n forc e ( < 1) :  a  measur e 

Inferenc e rul e IF.1 : 
tfi l  x :  a n inanimat e 

i l  i s  a(weigh t  Qf  x ,  measure ) 

the n X  wil h force :  weigh t  o f  x 

This means that, in this model, inanimate objects may 
hav e weigh t  an d (internal )  force ,  an d tha t  i f  student s hav e a 
(qualitative )  measur e o f  th e weigh t  o f  a n object ,  sa y big , 
the n the y infe r  tha t  it s  interna l  forc e i s  als o big .  I n 
contrast ,  i n th e mode l  A F ,  w e find  th e followin g (someho w 
simplifie d fo r  keepin g explanation s clear) : 

Inanimate: is a physical object 

relatio n acquire d forc e (<1) :  a  measur e 

inferenc e rul e AF .1 : 
ISi T x :  a  m o v e 
i f  js^(cause ,  push ) 

the n ter m o l  X  wil h acquire d force :  intensit y q I  caus e o f  x 

Here ,  inanimat e object s m a y hav e acquire d force ,  an d i f 
student s kno w abou t  a  mov e cause d b y a  pushin g event , 
the y wil l  infe r  th e existenc e o f  a n acquire d forc e fo r  th e 
movin g objec t  (th e rol e ter m connect s a n even t  an d th e 
objec t  i t  concerns ,  therefor e x  bein g th e m o v e event ,  th e 
movin g objec t  i s  accesse d throug h th e nam e ter m s £ x) ,  an d 

it s qualitativ e valu e wil l  depen d o n h o w stron g th e pus h 
has bee n (intensit y fif  caus e flfx). 

I n orde r  t o validat e thi s representation ,  w e hav e 
implemente d th e languag e an d checke d that ,  whe n th e 
descriptio n o f  a  situatio n wa s give n t o th e model ,  th e 

inferre d feature s wer e exactl y thos e tha t  coul d b e expecte d 
from  a  studen t  suppose d t o us e tha t  model . 

Example :  w e describ e her e partiall y h o w th e question : 

The sam e m a n pushe s tw o stones .  Th e smal l  ston e moves , 
th e bi g on e doe s not .  I s  ther e a  forc e exerte d o n th e 
stones? ,  i s  translate d i n ou r  representation : 

man: ao animate 

bigStone :  a n inanimat e 

wit h weight :  bigValu e 

manPush:  a  pus h 

wit h term :  m a n 

wit h theme :  bigSton e 

wit h purpose :  movinglntentio n 

movinglntention :  a  mov e 

ffiilh  term :  bigSton e 

wit h new-state :  intendedStat e 

intendedState :  a  movin g 

wit h term :  bigSton e 

First ,  th e physica l  entitie s ar e asserte d e.g. ,  a  m a n an d a 
ston e wit h bi g weigh t  (w e dea l  her e wit h qualitativ e value s 
of  weight) .  Next ,  th e pus h i s  describe d b y mean s o f  it s 
agent :  th e man ,  it s object :  th e bi g ston e an d it s  purpos e 
whic h i n tur n i s describe d a s a n attemp t  t o chang e th e stat e 
of  th e stone ,  namel y gettin g i t  moving . 
N o w i f  w e ru n th e mode l  wit h thes e data ,  w e get : 

** manPush wjlh transferred: big 

i.e. ,  w e infe r  from  th e purpos e o f  movin g a  bi g objec t  tha t 
th e qualitativ e intensit y o f  th e pus h i s big .  The n w e get : 

** assert newforce-exerted.1 

wit h ternn :  bigSton e 

wit h cause :  m a n P u s h 

wit h Intensity :  bi g 

i.e. ,  w e infe r  th e existenc e o f  a n exerte d forc e o n th e bi g 
stone ,  wit h som e o f  it s  attributes .  Concernin g th e smal l 
stone ,  a s manPus h succeeds ,  th e rule s tha t  applie d abov e 
do no t  fire  an y more ,  an d n o forc e exerte d i s created . 

Th e result s obtaine d her e ar e i n complet e agreemen t  wit h 
th e expecte d answer s o f  a  subjec t  usin g th e model . 

5. Summary and Conclusions 

It  ĵ pear s tha t  i n th e conceptua l  syste m o f  a n 1 1 yea r  ol d 
student ,  forc e ca n hav e differen t  representation s tha t  ar e 
categorize d i n differen t  places ,  e.g. ,  a s a  propert y o f 
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inanimat e objects ,  a s th e forc e o f  gravity ,  a s somethin g tha t 
require s pus h o r  pul l  b y a n animat e agent ,  etc .  Thes e 
alternativ e representation s o f  forc e becom e availabl e a s 
informatio n come s throug h observatio n an d from  th e 
cultur e i n th e for m o f  systemati c o r  unsystemati c 
instruction .  I n previou s wor k w e describe d som e o f  th e 
belief s an d presupposition s abou t  fa w tha t  underli e thes e 
representations .  I n th e presen t  wor k w e not e tha t  th e 
differen t  representation s offere e ar e associate d wit h diflferen t 
context s o f  use .  Dependin g o n th e natur e o f  th e questio n 
and o n th e context ,  th e studen t  activate s selecte d piece s o f 
hi s o r  he r  prio r  knowledg e t o eventuall y creat e a  specifi c 
menta l  representatio n offere e o n th e basi s o f  whic h h e o r 
she provide s a  response .  O n th e basi s o f  th e presen t 
evidence ,  i t  appear s tha t  fo r  mos t  1 1 yea r  old s th e differen t 
meaning s o f  forc e ar e isolate d an d hav e no t  bee n integrate d 
int o a  highe r  orde r  system .  Finally ,  th e meanin g o f  fiarce 
as a n abstrac t  entit y ha s no t  ye t  appeared . 

We believ e tha t  thi s wor k succeed s i n capturin g 
importan t  aspect s ofth e concep t  o f  forc e i n youn g children , 
bot h i n term s o f  ho w i t  i s  relate d t o assume d underlyin g 
belief s an d presupposition s (semanti c description )  an d i n 
term s o f  it s  relationshi p t o othe r  concept s an d categorie s 
(syntacti c description) .  I t  als o provide s a  ric h basi s for 
understandin g th e proces s o f  conceptua l  change ,  whic h wil l 
be describe d i n futur e work . 
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