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A b s t r a c t 
A computationa l  approac h t o th e simulatio n o f  cognitiv e 

modellin g o f  childre n learnin g elementar y physic s i s presented . 
Goal  o f  th e simulatio n i s t o suppor t  th e cognitiv e scientist' s 
investigatio n o f  learnin g i n humans .  Th e Machin e Learnin g 
syste m W H Y,  abl e t o handl e domai n knowledg e (includin g a 
causa l  mode l  o f  th e domain) ,  ha s bee n chose n a s too l  fo r  th e 
simulatio n o f  th e cognitiv e development .  I n thi s pape r  th e focu s 
wil l  b e o n knowledg e representatio n schemes ,  usefu l  t o suppor t 
furthe r  modellin g o f  conceptua l  change . 

Introduction 

Conceptual Change is a well known phenomenon in 
developmenta l  psycholog y an d educationa l  scienc e [Carey , 
1983 ;  Tiberghien ,  1989 ,  1994 ;  Vosniado u &  Brewer ,  1992 , 
1994 ;  Smit h e t  al. ,  1992 ;  Caravit a &  Halld^n ,  1994 ;  Ch i  e t 
al. ,  1994 ;  Vosniadou ,  1994 ,  1995 ;  Slott a &  Chi ,  1996] . 
Eve n thoug h a  quit e larg e bod y o f  experimenta l  findings  ha s 
bee n collecte d ove r  th e years ,  stil l  n o singl e definitio n o f 
conceptua l  chang e i s universall y accepted .  I n fact ,  a  soun d 
explicatio n o f  thi s notio n woul d presuppos e a  precis e 
definitio n o f  "concepts" ,  a  plausibl e hypothesi s abou t  thei r 
interna l  representation ,  an d a n (a t  leas t  approximate ) 
understandin g o f  huma n learnin g mechanisms .  I n addition , 
th e stron g interpersonal ,  intercultura l  an d interdomai n 
differentiations ,  emerge d i n al l  th e abov e aspects ,  sugges t  a 
multiface d an d comple x networ k o f  underlyin g interrelate d 
phenomena ,  difficul t  t o captur e int o a  genera l  theory . 

T o mode l  h u m a n learning .  Machin e Learnin g ( M L ) 
method s an d system s ar e natura l  candidate s t o provid e 
computationa l  modelin g tools .  I n recen t  years ,  the y hav e 
bee n use d s o fa r  i n tw o contexts :  eithe r  buildin g studen t 
model s i n a  IT S environmen t  [Sleema n e t  al. ,  1990 ;  Baffe s 
& Mooney ,  1996] ,  o r  describin g knowledg e acquisitio n an d 
evolutio n [Klah r  &  Siegler ,  1978 ;  Sag e &  Langley ,  1983 ; 
Hardima n e t  al. ,  1984 ;  Anderso n e t  al. ,  1990 ;  Shult z e t  al. , 
1994 ;  Schmid t  &  Ling ,  1996] .  Work s i n th e first  grou p tr y 
t o buil d u p a  pictur e o f  wha t  a  studen t  know s o n a  specifi c 
subjec t  a t  a  give n moment ,  wherea s work s i n th e secon d 
grou p tak e explicitl y  int o accoun t 

conceptua l  chang e and/o r  huma n learnin g mechanisms . 
Furthe r  work s tha t  ar e o f  direc t  relevanc e concer n 
Qualitativ e Physic s [Forbu s &  Gentner ,  1986] . 

Most  model s o f  huma n learnin g presente d s o fa r  i n th e 
M L literatur e ar e base d o n excessivel y simplifyin g 
assumptions .  Basically ,  learnin g i s  reduce d t o a  simpl e 
classificatio n task ,  performe d o n th e basi s o f  knowledg e 
consistin g i n a  se t  o f  rule s o r  a  neura l  net .  I n fact ,  i n th e first 
place ,  th e heuristi c knowledg e tha t  a  perso n possesse s i n a 
specifi c  domai n (substantiall y  th e on e modelle d i n th e M L 
systems )  i s neithe r  acquire d no r  use d i n isolation ,  bu t  i t  i s 
embedded into ,  an d biase d by ,  a  pre-existin g deepe r 
knowledg e structur e [Murph y &  Medin ,  1985 ;  Tiberghien , 
1994 ;  Vosniadou ,  1994] ,  whic h give s i t  it s meaning .  Severa l 
educatio n an d cognitiv e scientist s hav e clearl y pointe d ou t 
tha t  misconception s an d error s ca n b e trace d bac k t o 
conflict s betwee n taugh t  concept s an d thi s deepe r  layer .  Th e 
dee p knowledge ,  i n fact ,  play s a  substantia l  rol e i n learning , 
specificall y i n th e understandin g o f  concepts .  Thi s laye r  i s 
not  necessaril y  modifie d b y acquirin g skil l  i n solvin g 
problems .  Fo r  thi s reason ,  w e keep ,  i n ou r  model ,  th e tw o 
layer s separate ,  i.e. ,  th e heuristi c knowledg e an d th e 
explanator y framework ;  thi s last ,  ignore d i n mos t  M L 
model s o f  huma n learning ,  i s  th e basi s fo r  supplyin g 
explanation s o f  phenomen a 

I n thi s pape r  a  ne w approac h t o mode l  huma n conceptua l 
chang e i s presented .  Th e modelin g too l  i s  th e M L syste m 
W H Y,  whic h acquire s an d revise s a  Firs t  Orde r  Logi c 
theor y b y exploitin g a  causa l  mode l  o f  th e domai n an d a  se t 
of  example s [Saitt a e t  al ,  1993 ;  BarogU o e t  al. ,  1994] .  Th e 
overoal l  goa l  o f  th e researc h i s t o mode l  conceptua l  chang e 
occurrin g i n youn g students ,  acquirin g basi c concep t  i n 
Physics ,  specificall y Hea t  an d Temperatur e concept s 
[Tiberghien ,  1989 ,  1994] .  I n thi s pape r  w e wil l  concentrat e 
on th e knowledg e representatio n schemes ,  a s detail s o n 
modellin g change s i n th e knowledg e ca n b e foun d 
elsewher e [Ner i  e t  al. ,  1996] .  On e o f  th e mai n novelties , 
wit h respec t  t o previou s models ,  i s  th e differentiatio n 
betwee n th e knowledg e a  studen t  use s t o answe r  question s 
and t o interpre t  experimenta l  results ,  an d a n explanator y 
framework ,  base d o n th e notio n o f  simpl e linea r  causality . 
T h e computationa l  mode l  i s  grounde d o n a n 

Thi s wor k ha s bee n performe d withi n th e projec t  "Learnin g i n Human s an d Machines" ,  supporte d b y th e Europea n 
Scienc e Foundatio n 
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epistemologica l  framewor k an d previou s experiment s b y 
Tiberghie n [1989 ,  1994] . 

We woul d lik e t o underlin e tha t  i n n o wa y w e advocat e 
th e presente d logica l  knowledg e representatio n schem e a s 
bein g th e actua l  on e use d b y humans .  Th e representatio n i s 
onl y intende d t o b e a  descriptio n too !  bot h understandabl e 
by th e experimenter s an d implementabl e a s a  program . 

Wit h particula r  referenc e t o lear n Physics ,  a n 
Epistemolog y o f  Physic s i s propose d b y diSess a [1993] .  Th e 
mai n clai m i s  tha t  human s graduall y acquir e knowledg e 
elements ,  calle d phenomenologica l  primitive s (p-prims) , 
whic h constitut e a  larg e an d comple x knowledg e system , 
and fo r  whic h diSess a advocate s a  connectionis t 
representation . 

Vosniado u an d co-worker s (see ,  fo r  instance ,  [Vosniadou , 
1994 ,  1995 ;  Vosniado u &  Brewer ,  1992 ,  1994] )  presen t  a 
theoretica l  framework  tha t  hypothesize s tha t  acquisitio n o f 
knowledg e abou t  th e physica l  worl d i s  biase d b y a  se t  o f 
fundamenta l  constraints ,  calle d entrenche d presuppositions . 
An attemp t  t o buil d a  computationa l  mode l  o f  th e day/nigh t 
cycl e ha s bee n don e i n [Mori k &  Vosniadou ,  1995] . 

An interestin g theoretica l  framewor k fo r  interpretin g 
Physic s learnin g i s  Forbu s an d Centner' s Qualitativ e 
Proces s an d Structura l  Mappin g theor y [Forbu s &  Centner , 
1986] .  Th e mai n clai m o f  th e proposa l  i s  abou t  th e centralit y 
of  th e notio n o f  process ,  a s a  fundamenta l  representatio n 
construct . 

I n a  numbe r  o f  papers ,  Ch i  an d co-worker s hav e trie d t o 
explai n wh y certai n conceptua l  change s i n Physic s ar e s o 
difficul t  t o induc e wherea s other s ar e no t  (see ,  fo r  instance , 
[Ch i  e t  al. ,  1994 ;  Slott a &  Chi ,  1996]) .  The y hypothesiz e 
tha t  th e learne r  ha s a  cognitiv e mode l  base d o n disjoin t 
(ontological )  categor y trees .  Ch i  bring s evidenc e tha t 
restructurin g th e interio r  o f  a n ontolog y tre e i s mor e easil y 
accomplishe d tha n movin g a  concep t  acros s trees . 

Finally ,  i n [Tiberghien ,  1994 ]  a  theoretica l  framewor k fo r 
interpretin g suc h difficultie s ha s bee n proposed .  Th e 
framewor k ha s it s foundatio n bot h m pedagogica l  studie s 
and i n th e epistemolog y o f  scienc e an d claim s that ,  i n 
experimenta l  sciences ,  question s ar e strongl y linke d t o thre e 
mai n factors ;  th e theoretica l  background ,  th e experimenta l 
fact s considered ,  an d th e explanation s produced .  I n th e 
propose d theoretica l  framework ,  interpretatio n an d 
predictio n i n Physic s impl y a  modelin g proces s articulate d 
on thre e levels :  "theory" ,  "model "  an d "experimenta l  field " 
of  reference . 

The Learning Context 

The specific learning context considered in this paper is 
th e following :  i n thre e classe s o f  th e firs t  an d secon d yea r  o f 
secondar y schoo l  (12-1 3 yea r  ol d students ,  6-5t h grades) , 
Physic s teachin g too k plac e unde r  controlle d conditions ,  i n 
th e sens e tha t  th e teacher s agree d t o propos e th e sam e 
teachin g materials ,  experimentation s an d questions .  Conten t 
of  th e cours e wer e basi c concept s an d qualitativ e relation s i n 
th e domai n o f  hea t  an d temperature ,  includin g chang e o f 
stat e an d hea t  transfe r  i n everyda y lif e situations . 

Individua l  interview s befor e an d afte r  th e se t  o f  teachin g 
session s an d a n experimenta l  tas k hav e bee n performe d 
wit h tw o student s o f  eac h class .  Writte n questionaries , 
befor e an d afte r  teaching ,  hav e bee n fille d b y eac h student . 

I n thi s pape r  w e wan t  t o describ e h o w t o mode l  th e 
proces s o f  learnin g i n individua l  students .  A  basi c 
assumptio n i s tha t  explanatio n o f  th e observe d phenomen a 
consist s i n findin g cause s an d causa l  chains .  Causalit y ha s 
bee n acknowledge d befor e a s playin g a  crucia l  rol e i n naiv e 
Physic s learning .  [Whit e &  Frederiksen ,  1987 ;  Rozier , 
1988] .  Takin g int o accoun t  th e ag e o f  th e learne r  (12-1 3 
years) ,  Aristotelia n causalitie s ar e use d a s reference .  I n 
particular ,  materia l  causalit y (use d whe n students ,  fo r 
instance ,  conside r  tha t  woo l  heat s "becaus e i t  i s  wool" )  an d 
efficien t  causalit y (involve d whe n ther e i s a  change ,  fo r 
example ,  whe n a  batter y light s a  bulb )  ar e considere d here . 

The Learning System WHY 

WHY is a system that learns and revises a knowledge 
base fo r  classificatio n problem s usin g domai n knowledg e 
and example s [Saitt a e t  al. ,  1993 ;  Barogli o e t  al. ,  1994] .  Th e 
domai n knowledg e consist s o f  a  causa l  mode l  o f  th e 
domain ,  an d a  bod y o f  phenomenologica l  theory ,  describin g 
th e link s betwee n abstrac t  concept s an d thei r  possibl e 
manifestation s i n th e world .  A  comple x inferenc e engine , 
combinin g induction ,  deduction ,  abductio n an d prediction , 
i s th e cor e o f  th e system . 

The causa l  mode l  C  provide s explanation s i n term s o f 
causa l  chain s amon g events ,  originatin g from  "first "  causes . 
The phenomenologica l  theor y P  contain s th e semantic s o f 
th e vocabular y terms ,  structura l  informatio n abou t  th e 
object s i n th e domain ,  ontologies ,  taxonomies ,  domain -
independen t  backgroun d knowledge ,  and ,  mor e importantly , 
a se t  o f  rule s aime d a t  describin g th e manifestation s o f 
abstractl y define d concept s i n term s o f  properties ,  object s 
and event s i n th e specifi c  domai n o f  application .  Al l  th e 
knowledg e structure s share ,  i n W H Y,  a  Firs t  Orde r  Logi c 
base d language ,  whos e atomi c predicate s ar e partitione d 
int o operationa l  an d nonoperationa l  Operationa l  predicate s 
ar e observable ,  wherea s nonoperationa l  predicate s ar e onl y 
deducible . 

The causa l  mode l  C  i s represente d a s a  directed ,  labelle d 
graph ,  a s th e on e reporte d i n Figur e 2 .  T h e 
phenomenologica l  theor y P  i s represente d a s a  se t  o f  Hor n 
clauses ,  an d th e example s ar e represente d a s groun d logica l 
formulas . 

The goa l  o f  W H Y i s t o acquir e a  knowledg e bas e K B o f 
heuristi c  rules ,  sufficien t  t o solv e a  se t  o f  problem s i n th e 
chose n domain .  Moreover ,  th e syste m give s causa l 
explanation s o f  it s decisions .  I t  i s  importan t  t o clarif y th e 
relation s betwee n th e causa l  mode l  C  an d th e heuristi c 
knowledg e bas e K B .  Th e causa l  mode l  coul d b e use d 
directl y t o obtai n answers/solution s t o questions ,  a s i t  i s 
don e i n diagnosti c system s workin g fro m firs t  principle s 
[Reiter ,  1984] .  However ,  causa l  reasonin g i s slow ,  an d th e 
rule s i n K B ac t  a s shortcuts ,  compile d fro m C .  O n th e othe r 
hand ,  th e fac t  tha t  th e rule s ar e justifie d b y C  (bein g derive d 
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fro m i t  accordin g t o th e metho d describe d i n [Saitt a e t  al. , 
1993] )  guarantee s thei r  vahdit y an d correctenes s (obviousl y 
wit h respec t  t o tha t  o f  C )  an d als o allow s explanation s o f  th e 
give n classificatio n i n term s o f  th e dee p knowledge .  O n th e 
othe r  hand ,  K B an d C  ma y no t  b e relate d a t  all ,  fo r  instanc e 
i n th e cas e tha t  K B i s no t  derive d fro m C  bu t  i s directl y 
"taught "  b y a  teache r  o r  acquire d b y th e learne r  o n a  pur e 
empirica l  inductiv e basis .  I n thi s case ,  K B wil l  giv e 
unjustifie d classification s (correc t  o r  not) ,  fo r  whic h n o 
explanation s exis t  wit h respec t  t o C .  Exploitin g thes e 
differen t  type s o f  relation s betwee n K B an d C ,  al l  th e 
finding s emerge d i n th e experimentatio n wit h childre n 
learnin g Physic s ca n b e modeled .  I n th e interpla y betwee n 
K B an d C ,  th e knowledg e i n P  supplie s th e link s betwee n 
th e genera l  principle s state d i n C  an d th e concret e 
experiments . 

Th e heuristi c knowledg e bas e K B correspond s t o th e 
compile d rule s Davi d normall y use s t o answe r  question s an d 
solv e problems ,  whe n n o explanatio n o f  hi s answer s i s 
required ;  t o giv e explanations ,  Davi d shal l  exploi t  th e causa l 
model .  Th e heuristi c  rules ,  then ,  ca n b e considere d a s th e 
predictor s o f  th e answers ,  whe n Davi d i s questione d abou t 
possibl e outcome s o f  experiments .  Th e causa l  mode l  C  i s 
use d b y Davi d whe n a n explanatio n i s requeste d o r  whe n h e 
doe s no t  hav e ye t  a  heuristi c rul e t o answe r  a  question . 

An Example of Model Construction 

In this section we will go through an example of using 
W HY t o mode l  th e knowledg e o f  "David" ,  a  1 2 yea r  ol d 
studen t  o f  6t h grade ,  expose d t o th e teachin g cours e o n hea t 
and temperatur e mentione d i n Sectio n 3 .  A t  thi s grade ,  th e 
specifi c  conten t  o f  teachin g wa s mostl y directe d towar d th e 
notio n o f  chang e o f  stat e i n Physics . 

The dat a availabl e fro m David' s history ,  use d t o buil d u p 
th e model ,  ar e th e answer s t o tw o questionnaire s an d a n 
intervie w bot h befor e an d afte r  teaching .  Moreover ,  th e 
answer s t o questions ,  th e prediction s o f  outcome s fro m 
practica l  manipulations ,  an d th e give n explanation s durin g 
eac h teachin g sessio n ar e availabl e a s well . 

I n orde r  t o us e W H Y t o hypothesiz e David' s menta l 
models ,  th e tas k o f  answerin g a  questio n o r  predictin g a n 
experiment' s outcom e ha s t o b e mappe d o n a  discriminatio n 
task ,  whos e possibl e answer s hav e bee n a-prior i 
individuate d b y th e teacher .  Moreover ,  eac h experimen t  o r 
questio n i s represente d a s a n example ,  conistin g o f  tw o 
parts :  a  descriptio n o f  th e experimenta l  setting ,  fro m th e 
poin t  o f  vie w o f  th e teacher ,  an d a  question .  Th e correc t 
answe r  label s th e example .  Accordin g t o th e teachin g 
protocol ,  i t  i s  assume d tha t  th e student s understan d th e 
exampl e descriptions .  Fo r  th e sak e o f  exemplification ,  le t  u s 
conside r  a  question ,  occurrin g i n a  questionnaire ,  reporte d i n 
Figur e 1 . 

Th e first  ste p i n th e modellin g proces s i s t o se t  u p th e 
vocabular y use d i n teaching .  B y analysin g th e whol e 
questionnaire s an d interviews ,  al l  th e word s relevan t  t o th e 
specifi c  Physic s domai n hav e bee n extracte d an d 
transforme d int o atomi c predicate s o f  th e language .  S o m e o f 

th e predicate s derive d fro m th e questio n i n Figur e 1  ar e 
reported : 

amount(x,u,t) ,  different(u,v) ,  gas-stove(x) , 
inside(x,y) ,  not-boiling(x,t) ,  on(x,y) , 
person(z) ,  same-features(x,y) ,  water(x) ,  temp(x,T),.. . 

The complet e vocabular y contain s 9 5 words .  Fo r  wha t 
concern s th e semantic s o f  th e predicates ,  6 9 o f  the m ar e 
operational ,  i.e. ,  thei r  evaluatio n ca n b e mad e directl y o n th e 
experimenta l  setting .  Fo r  instance ,  person(z )  an d temp(x,T ) 
ar e operational .  Othe r  predicate s (precisel y 26 )  ar e non -
operational ,  i.e .  thei r  trut h valu e ca n b e determine d b y 
deduction .  Fo r  instance ,  th e rul e 

gas-stove(x )  a  ignited(x )  = > F L A M E ( x ) 
state s tha t  th e predicat e F L A M E ( x )  ca n b e asserte d tru e o n 
X i f  X  i s a n ignite d gas-stove . 

Professor Tournesol makes the following experiment: He 
take s tw o saucepan s A  an d B ,  pour s wate r  fro m a  fauce t 
int o them ,  an d h e als o put s a  thermomete r  insid e eac h o f 
them . 

The saucepan s A  an d B  ar e equal . 
The thermometer s ar e equal . 
The tw o flames  ar e equa l  an d th e saucepan s ar e pu t  o n th e 
gas stove s a t  th e sam e time . 
The quantitie s o f  wate r  i n A  an d B  ar e different . 

Afte r  3  minutes ,  th e wate r  i n A  an d B  doe s no t  boi l  yet . 
Tinti n read s th e indicatio n o n th e thermometer s insid e A :  i t 
shows 50°C . 

(1 )  Doe s th e thermomete r  i n B  sho w a  reading : 
-  Greate r  tha n 50° C _ 
-  Equa l  t o 50° C _ 
-  Les s tha n 50° C _ 
(2 )  W h y ? 

Figure 1 - Example of questions occurring in the 
questionnaires . 

Notic e tha t  fo r  non-operationa l  predicates ,  th e semantic s o f 
th e sam e ter m fo r  th e teache r  an d fo r  Davi d ca n b e different . 
For  instance ,  th e tw o followin g rules : 

TEMP(x,T )  A  greater(T,0i )  ̂  HOT(x )  (Teacher ) 

feel-hot(x )  = > HOT(x )  (David ) 
sho w tha t  th e teache r  evaluate s th e hotnes s o f  a n objec t  x 
accordin g t o it s temperature ,  wherea s Davi d relie s o n hi s 
tactil e perception . 

The secon d ste p consist s i n transformin g al l  th e question s 
i n example s fo r  W H Y.  Fo r  instance ,  th e questio n i n Figur e 1 
i s describe d a s follows : 

Exampl e #  2  :  Descriptio n 
person(Toumesol )  a  person(Tintin )  a  saucepan(A )  a 
water(a )  a  on(A,ga )  a  thermometer(ha )  a  gas-stove(ga )  a 

ignited(ga )  a  to-put-inside(Toumesol,ha,A )  a 

to-put-inside(Toumesol,a,A )  a  amount(a,small )  a 
temp(a ,  20,initial )  a  not-boiling(a ,  initial )  a 
time-elapsed(a ,  short )  a  saucepan(B )  a 
.. .  A  time-elapsed(gb ,  short )  a  same-features(h a ,hb )  a 
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thermom-reading(ha ,  50 ,  final ) 

Example # 2 : Decisions 

{GREATER-THERMOM-READING(hb, h^, final). 

S A M E - T H E R M O M - R E A D I N G ( h b.  ha ,  final), 

L O W E R - T H E R M O M - R E A D I N G ( h b , h a,  final)) 

I n th e descriptio n o f  th e exampl e w e ma y notic e tha t  th e 
quantitie s hav e bee n rendere d i n qualitativ e form ,  suc h a s 
"small "  an d "large "  amount s o f  water ,  a  "short "  tim e perio d 
(fo r  3  minutes) ,  "initial "  an d "final "  fo r  th e beginnin g an d 
endin g time s o f  th e experimentation .  Moreover ,  som e 
backgroun d information ,  whic h Davi d an d th e teache r  d o 
not  nee d t o sa y explicitly ,  ar e adde d fo r  th e system' s sake , 
suc h a s th e fac t  tha t  th e roo m temperatur e i s 20°C .  Th e 
predicat e "same-feature(x,y) "  denote s functiona l  equalit y 
betwee n x  an d y  withou t  objec t  identity . 

I n th e decisio n par t  o f  th e exampl e th e "classes "  ar e 
define d accordin g t o th e alternativ e possibl e answers . 

Afte r  buildin g u p th e dictionar y an d describin g th e 
examples ,  w e hav e encoded ,  fo r  reference ,  th e teacher' s 
phenomenologica l  an d causa l  theories .  Thes e bodie s o f 
knowledg e ar e no t  mean t  t o describ e al l  th e knowledg e th e 
teache r  ha s i n th e field,  bu t  onl y th e par t  tha t  he/sh e decide s 
i s relevan t  fo r  teaching .  S o m e rule s belongin g t o th e 
teacher' s phenomenologica l  theor y P *  ar e th e followin g (th e 
complet e theor y contain s 12 1 rules) : 

aluminum(x )  = > M E T A L ( x ) 
METAL(x )  = > M A T E R I A L ( x ) 
TEMP(x,T )  A  greater(T,ei )  = > HOT(x ) 

gas-stove(x )  a  ignited(x )  = > F L A M E ( x ) 
electric-plate(x )  a  tumed-on(x )  =j .  H E A T - S O U R C E ( x ) 
OBJ(x )  a  H E A T - S O U R C E ( y )  a  CONTACT(x , y )  = * 

=> TO-HEAT(x,y ) 
SAME-TEMP(x ,y )=>THERMAL-EQUIL IBRIUM(x ,y ) 
full-of(x,y )  = > INSIDE(y,x ) 
CONTACT(x,y )  <= > CONTACT(y , x ) 

A par t  o f  David' s causa l  mode l  i s reporte d i n Figur e 2 . 
The grap h explain s tha t  th e temperatur e o f  a n objec t 
increase s i f  i t  i s  heate d an d it s initia l  temperatur e i s belo w 
it s boilin g threshold .  A s w e ma y notice ,  th e mode l  ma y b e 
critizise d unde r  man y respect s wit h respec t  t o a  complet e 
theor y o f  hea t  transfer .  However ,  i t  represent s wha t  th e 
teache r  want s Davi d t o understan d i n thi s preliminar y 
course . 

The Matte r  ontolog y o f  th e teache r  i s reporte d i n Figur e 
3.  W e notic e tha t  th e teache r  know s tha t  a n objec t  ha s a 
temperatur e valu e associate d t o it ,  an d tha t  a  materia l  ha s 
characteristi c temperature s associate d t o change s o f  state . 

The teache r  als o use s a  heuristi c knowledg e bas e K B * , 
containin g 2 3 rules ,  on e o f  whic h i s th e following : 
MATERIAL (x )  a  SOLID(x )  a  TO-HEAT(x )  = > 

=> M E L T I N G ( x ) 
Morever ,  th e teache r  know s th e relation s amon g al l  th e 
quantitie s appearin g i n th e followin g heatin g process : 

m,  c 

T h e teacher' s k n o w l e d g e remain s th e s a m e alon g th e 
whol e teachin g course .  I t  i s  usefu l  t o m o d e l  i t  bot h a s a 
referenc e fo r  representin g th e teachin g goal ,  an d a s a  m e a n 
t o evaluat e David' s proges s towar d a  correc t  understandin g 
of  th e p h e n o m e n a t o whic h h e i s exposed . 

T h e teacher' s know ledg e ca n b e considere d "correct" , 
f ro m his/he r  poin t  o f  view ;  i n fact ,  th e teache r  him/hersel f 
ca n validat e it .  O n th e contrary ,  Dav i d i s unabl e t o articulat e 
hi s model s o f  th e world ,  an d hi s knowledg e ca n the n b e onl y 
guesse d fro m hi s answe r  an d explanations .  Fo r  thi s reason , 
i t  need s t o b e validate d experimentally .  F r o m th e dat a 
availabl e befor e teaching ,  a n initia l  conten t  ca n b e 
attribute d t o David' s Cq ,  P q an d K B q . 

( jmiEAT(x) ^ TEMP(x,T,,t, ) 

boiling-temp(x,T|,)Aless(T|,T(,) ^ 
time-elapsed(x ,  short )  vliine-elapsed(x ,  long )  v 

tiiTie-£lapsed(x ,  very-long) ] 

T E M P (x 
T E M P - I N C R E A S E (x 

H0T(x,t2 ) 

F igur e 2  -  Par t  o f  th e teacher' s causa l  mode l .  Thre e 
kind s o f  node s occu r  i n th e graphs :  causa l  nodes , 
correspondin g t o processe s o r  state s relate d b y cause -
effec t  relations ,  constrain t  nodes ,  attache d t o edge s 
an d representin g physica l  o r  structura l  propertie s o f 
objects ,  an d contex t  nodes ,  associate d t o causa l  nodes , 
representin g contextua l  condirion s (concomitan t 
causes )  referrin g t o th e environment . 

The phenomenological theory Pq contains 94 rules, and is 

no t  ver y differen t  f ro m th e teacher' s one ,  excep t  fo r  th e 
semantic s o f  s o m e predicates ,  base d o n direc t  perceptio n 
instea d o f  a n objectiv e measu remen t .  Fo r  th e sak e o f 
comparison ,  i n Figur e 4  David' s Mat te r  ontolog y tre e i s 
reported .  A s w e ca n see ,  Davi d attribute s t o th e object s th e 
propertie s o f  bein g cold ,  w a r m o r  hot ,  bu t  h e doe s no t  relat e 
them ,  a t  th e beginning ,  wit h th e object' s temperature . 
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M o r e o v e r ,  D a v i d attribute s th e Constanc e o f  temperatur e 
durin g a  chang e o f  stat e t o a  m a x i m u m allowe d temperatur e 
fo r  th e substance . 

Maner 

Inanimat e 

(pasonY-/ ^ lasNam e 
Is Sensibl e 1 0 

Hot  object s 

/HasName 
Is made o f  Malcna l 
HasTemperalur e 
Has Stat e 
Has Amount 
^tndsowrTim e (Ha s Meltin g TemfKralin ;  | 

I  Ha s Boilin g Temperalur e I 
V l̂ayOiang e Sal e J 

Figure 3 - Teacher's ontology for Matter. 

Matte r 

Inanimal e 

lb s Same 
IsSaisfclel o 
Hot  ob i  e a s 

fHisNa m 
Has funcfo n 
Is made o f  Maeria l 
Can \ x Gil l  \\'ari) i  o r  Hc i 
HusAmounl 
Exist s i n Tim e 
May hav e MtL\niiun i 

Te irj x  ml  U K 
^hb s M d  lin g Temperatur e J 

F igu r e 4  -  David' s ontolog y tre e fo r  Matte r 

In Figure 5, David's causal model Cq is reported. The 

m o d el  i s  substantiall y  differen t  f r o m th e teacher' s one , 
becaus e i t  i s  mostl y oriente d t o deducin g effect s o n th e basi s 
o f  th e propertie s o f  th e involve d substances .  T h e n ,  materia l 
causatio n i s underlyin g David' s explanations . 
A l s o th e heuristi c k n o w l e d g e bas e K B q i s  rathe r  different , 

becaus e Dav id ,  i n orde r  t o answe r  th e questions ,  seem s t o 
appl y rule s tha t  ca n b e paraphrase d a s follows : 

" W h a t  i s ho t  heats " 
" W h a t  i s col d cools " 

" A greate r  caus e ha s a  greate r  effect " 

OBJ(x ) 
TOHEAT(x,y)  )  I  HEAT-SbuRCE(y ) 

TEMP-INCREASE( 

\ 

watertx )  A- '  iion(x) A 
-•  gold(x )  A  -ileacKx ) 

sigaK x 

TaBOIL ( 

C A R A ME 

HOTTx) 

Figur e 5  -  David' s initia l  causa l  model . 

For  wha t  concern s validatio n o f  th e models ,  w e hav e t o 
specify ,  first  o f  all ,  tha t  ou r  ai m i s no t  tha t  o f  makin g claim s 
abou t  averag e o r  mos t  c o m m o n behaviour s amon g children s 
tha t  age ,  bu t  t o mode l  th e individua l  evolutio n o f  a  singl e 
student .  Tha t  mean s tha t  w e d o no t  nee d t o appl y th e sam e 
model  t o a  statisticall y significan t  se t  o f  students ,  but ,  rathe r 
we hav e t o appl y th e sam e modellin g proces s (possibl y 
yealdin g differen t  models )  t o variou s students .  I n fact ,  wit h 
respec t  t o thi s modellin g procedure ,  a  mode l  i s "good "  i f  i t 
i s  abl e t o predic t  th e answer s o f  th e modelle d studen t  t o th e 
question s he/sh e i s presente d with .  Then ,  i f  thi s matc h i s 
verifie d fo r  a  numbe r  o f  cases ,  ther e i s suggeste d evidenc e 
tha t  th e hypothese s underlyin g th e modellin g methodolog y 
m ay b e adequat e fo r  tracin g individua l  knowledg e 
evolution ,  i n thi s specifi c  Physics '  area .  I n th e analyse d 
cases ,  satisfyin g result s hav e bee n obtained . 

Conclusion 

We have introduced a new way of interpreting learning 
fro m th e poin t  o f  vie w o f  th e learner' s knowledg e 
acquisitio n i n relatio n wit h teaching ,  i n th e domai n o f 
Physics .  Th e framewor k o f  ou r  analysi s i s a  specifi c  typ e o f 
knowledg e processin g tha t  w e ter m "modelling" .  I t  i s  a 
relevan t  framewor k fo r  analysi s wit h respec t  t o bot h th e 
learner' s persona l  knowledg e o f  a  learne r  an d th e conten t  o f 
Physic s teaching .  Thi s approac h allow s tw o mai n type s o f 
knowledg e t o b e distinguished ,  i n particular ,  th e pragmati c 
knowledg e (heurisitc) ,  pu t  int o pla y durin g proble m solving , 
and a  deepe r  explanator y knowledg e structur e (causal) ,  use d 
t o giv e explanation s and ,  i n general ,  t o ge t  a  bette r  gras p o f 
th e phenomena . 

Th e eventua l  goa l  o f  th e investigatio n i s t o com e u p wit h 
a metho d fo r  designin g mor e effectiv e teachin g strategies . 
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