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Abstract 

Our goal is to understand the development of physics concepts in students. We take the perspective that 
individual s construc t  thei r  o w n understandin g s o a s t o 'fit '  thei r  experiences .  Thi s constructiv e activit y 
result s i n conception s abou t  th e physica l  world .  Th e majo r  challenge s i n physic s instructio n the n ar e 
th e task s o f  identifyin g an d inducin g chang e i n students '  conception s abou t  th e physica l  world .  Ou r 
effort s t o understan d th e natur e o f  conceptua l  chang e ar e aide d b y knowledg e representatio n techniques . 
We presen t  example s i n whic h som e o f  th e finer  structur e o f  conceptua l  chang e i s represente d whic h 
illustrat e th e potentia l  o f  knowledg e representatio n fo r  studyin g conceptua l  change . 

Introduction 

Studies have found that students begin formal physics education with a system of physical conceptions that 
diffe r  i n deepl y systemati c way s fro m thos e o f  th e physicis t  an d presen t  a  significan t  obstacl e t o learnin g physic s 
(Viennot ,  1979 ;  d i  Sessa ,  1983 ;  McDermott ,  1984 ;  Hallou n an d Hestenes ,  1987) .  Thes e alternativ e conception s 
manifes t  themselve s a s usefu l  commonsens e belief s abou t  th e world .  Ye t  alternativ e conception s ar e no t  addresse d b y 
standar d instruction ,  eithe r  i n physic s classroom s o r  i n introductor y physic s textbooks .  Simpl y presentin g student s 
wit h th e law s o f  Newtonia n mechanic s whe n the y solv e problems ,  fo r  example ,  doe s no t  encourag e conceptua l 
learnin g becaus e suc h statement s d o no t  mak e th e intende d sens e i n th e contex t  o f  thei r  beliefs ;  instea d th e student s 
interpre t  wha t  i s sai d i n term s o f  thei r  existin g beliefs .  A s a  result ,  mos t  student s depar t  fro m beginnin g physic s 
course s withou t  a n understandin g o f  th e Newtonia n concept s presented ;  thei r  conceptua l  framewor k abou t  ho w th e 

worl d work s i s lef t  essentiall y unchanged. ^  I f  physic s insuuctio n i s t o encourag e th e kin d o f  learnin g whic h lead s t o 
ne w conceptua l  understanding ,  i t  mus t  addres s th e alternativ e conception s tha t  nee d t o b e changed .  I n ou r  view ,  suc h 
conceptua l  chang e occur s onl y whe n ne w conception s ar e constructe d b y individual s themselves .  W e believ e student s 
ca n m a k e sens e o f  Newtonia n concept s i f  the y experienc e situation s whic h brin g the m t o questio n thei r  o w n 
conception s an d ar e the n facilitate d i n thei r  attempt s t o develo p mor e viabl e replacements . 

Identifyin g alternativ e conception s ha s bee n th e focu s o f  a  numbe r  o f  studie s whic h hav e provide d 
qualitativ e analyse s o f  m a n y o f  th e conceptua l  difficultie s student s hav e i n beginnin g physic s (Minstrel l  an d 
Stimpson ,  1986 ;  McClosky ,  1983 ;  McDermott ,  1984 ;  an d Clement ,  1982) .  Th e result s o f  thes e analyse s an d 
others' ,  a s wel l  a s ou r  own ,  hav e reveale d man y o f  th e alternativ e conception s associate d wit h beginnin g mechanics . 
Thes e result s nee d t o b e integrate d an d organize d s o the y ca n b e use d t o stud y necessar y conceptua l  change s i n 
learnin g physics .  W e believ e thi s require s representin g alternativ e conception s a s structure s comprise d o f  salien t 
feature s an d relationships .  W e cal l  thes e representation s "conceptua l  maps" .  The y represen t  i n a n explici t  an d 
pragmati c way ,  concepts ,  terms ,  feature s an d thei r  interrelationship s tha t  underl y students '  description s o f  th e 
physica l  world .  Successiv e conceptua l  map s represen t  i n detai l  th e change s student s g o throug h fro m "motio n 
implie s force" ,  fo r  example ,  t o th e Newtonia n conceptio n tha t  "acceleratio n implie s force" .  Suc h representation s ai d 
i n identifyin g desire d conceptua l  change s whic h ca n b e associate d wit h instructiona l  technique s foun d t o b e effectiv e 
fo r  bringin g abou t  conceptua l  change .  Th e adequac y o f  th e map s i s base d ultimatel y o n h o w wel l  thei r  representatio n 
of  conception s ca n effectivel y infor m instruction . 

Alternative Conceptions 

Alternative conceptions make up students' fundamental beliefs about how the world works or how it is 
constitute d whic h ar e quit e differen t  fro m thos e o f  th e physicist .  Thes e belief s appl y t o a  variet y o f  differen t 

^  Thi s doe s no t  mea n tha i  thes e student s necessaril y  ge t  poo r  grades .  Student s ar e stil l  abl e t o solv e th e problem s assigne d 
withou t  understandin g o f  th e underlyin g conception s (Hallou n an d Hestenes ,  1987) . 
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situations .  The y ar e belief s i n a n explanator y sens e abou t  causality .  Fo r  exampl e "motio n implie s force" ^  i s a 

conceptio n whic h lead s student s t o sugges t  that , 
a )  ther e i s a  forc e (i n additio n t o gravity )  tha t  propel s a  bloc k d o w n a n incline d plan e becaus e i t 

moves d o w n th e plan e o r 
b. )  ther e i s a  forc e i n th e directio n o f  a  planet' s motio n o r 
c. )  ther e i s a  forc e d o w n o n a n objec t  becaus e i t  ca n m o v e down . 

Anothe r  exampl e i s th e "materialisti c  conception "  whic h lead s student s t o e n d o w thing s lik e electricity ,  light ,  an d 
heat  wit h matter-lik e propertie s (Reiner ,  Chi ,  Resnick ,  1988) . 

Identifying Alternative Conceptions 
I n contras t  t o modelin g problem-solvin g skills ,  studyin g conception s i s mor e difficul t  becaus e ther e i s a 

"leve l  o f  indirection "  betwee n wha t  w e observ e student s doin g an d th e conception s tha t  giv e rise  t o thei r  behaviors . 
Conception s mus t  b e applie d t o proble m situation s an d thu s ca n onl y b e identifie d indirectl y b y analyzin g studen t 
responses .  Thi s i s i n contras t  t o skill s  whic h ar e specifie d i n term s o f  observabl e feature s o f  th e proble m situatio n 
(Anderson ,  Boyle ,  Corbet t  an d Lewis ,  1990 )  independend y o f  wha t  student s m a y think . 

I n orde r  t o identif y students '  conception s w e mus t  b e abl e t o m a k e sens e o f  thei r  behaviors .  W e d o thi s b y 
applyin g a  mode l  o f  conceptua l  application ,  depicte d i n Figur e 1 ,  whic h i s base d o n th e hypothesi s tha t  w h e n 
conception s ar e applie d i n specifi c  proble m contexts ,  the y ar e manifes t  a s characteristi c behaviors .  Fo r  example , 
when tw o interactin g object s hav e differen t  sizes ,  student s associat e a  large r  forc e wit h th e large r  object .  W e woul d 
expec t  t o se e simila r  behavior s resultin g fro m suc h a  belie f  i n differen t  proble m situation s sharin g thi s feature .  Bu t 
t o b e mor e convince d tha t  w e identif y th e underlyin g conception ,  w e conside r  proble m situation s tha t  includ e 
additiona l  features ,  tha t  is ,  w e conside r  a  variet y o f  situation s i n whic h tha t  conceptio n migh t  b e applicable .  Thi s i s 
becaus e th e specifi c 

O b s e r v e d Prob lem-Solv in g Behav io r 
Sinc e car t  i s  movin g "upward "  the n 

ther e mus t  b e a  forc e "upward "  o n i t  large r 
tha n an y "downward "  force s o n it ,  s o 

dra w a  forc e "upward "  o n i t  i n th e free -  bod y 
diagram . 

P r o b l e m Situatio n 
Car t  coastin g u p a n inclin e an d bac k down : 

Dra w a  free-bod y diagra m fo r  th e car t  o n th e wa y u p 
afte r  leavin g th e hand . 

norma l  forc e 

gravit y forc e 

^ 

Applicatio n M e c h a n i s m : 
{e.g. ,  analogy ) 

— — —̂ "work s like " 

C o n c e p t i o n 
"motio n implie s force " 

pushin g pian o u p ramp : 
th e harde r  yo u pus h th e 

faste r  i t  goe s 

Figur e 1 :  Mode l  fo r  Conceptua l  Applicatio n 

A conceptio n applie d t o a  proble m situatio n result s i n a n 
observabl e problem-solvin g behavior .  Not e tha t  i n thi s exampl e 
ther e i s als o evidenc e o f  forc e bein g "give n t o a n objec t  a s i f  i t 
wer e a  propert y o f  th e objec t 

behavior of associating a larger force with the larger of two interacting objects is probably the result of applying a 
conceptio n lik e "forc e i s a  propert y o f  a n object "  i n additio n t o a  specifi c  belie f  abou t  differen t  size d objects .  B y 
havin g student s solv e a  numbe r  o f  differen t  kind s o f  problems ,  w e wor k backward s t o determin e whethe r  a  mor e 

2 W e ar e awar e tha t  o n som e interpretation s "motio n implie s force "  i s eve n tru e fo r  Newton ,  i.e .  th e persistenc e o f  motio n 
implie s a n interna l  forc e o r  vi s insit a (McGuire,1990) .  However ,  th e alternativ e conceptio n w e mea n b y "motio n 
implie s force "  i s differen t  fro m thi s interpretatio n o f  Newto n i n tha t  fo r  student s "force "  ha s no t  bee n differentiate d int o 
'forc e o f  persistence '  an d 'forc e o f  acceleration' ,  althoug h w e woul d no t  b e surprise d t o find  th e student s makin g thi s 
same differentiatio n a s the y begi n t o for m mor e Newtonia n conceptions . 
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genera l  conceptio n underlie s th e belief .  Fo r  example ,  student s appl y "motio n implie s force "  t o a  wago n pulle d b y a 
donkey .  Bu t  the y als o appl y i t  t o a  bod y movin g withou t  apparen t  force s whic h i s a  ver y differen t  kin d o f  situation . 
Thi s lead s student s t o remar k tha t  th e bod y i s movin g becaus e forc e ha s bee n transferre d t o i t  fro m a  bod y tha t 
originall y se t  i t  i n motio n (simila r  t o impetus) . 

Th e conceptua l  applicatio n mode l  serve s a s a  methodologica l  framewor k fo r  identifyin g conceptions .  I t  i s 
als o explanator y o f  wha t  w e observe ,  enablin g u s t o mak e sens e o f  students '  behavior .  Howeve r  i t  i s no t  a  detaile d 
psychologica l  mode l  i n tha t  i t  make s n o clai m a s t o th e rea l  menta l  o r  physica l  natur e o f  conception s no r  doe s i t 
specif y th e mechanism s b y whic h the y ar e applied .  Rather ,  i t  i s  a  mode l  i n th e sens e o f  a  concret e constructio n 
whic h i s use d t o catalogue ,  i n a  principle d an d organize d way ,  th e kind s o f  description s tha t  student s giv e i n answer s 
t o question s an d tha t  ca n b e inferre d fro m thei r  behavio r  i n problem-solvin g situations . 

Conceptual Change 

Conceptual change has come to play an important role in the history and philosophy of science in the last 
severa l  decade s (Kuhn ,  1970 ;  Feyerabend ,  1988) .  Thes e studie s hav e begu n t o influenc e researc h i n cognitiv e 
developmenta l  psycholog y (Carey ,  1985) .  Care y describe s tw o possibl e sense s o f  knowledg e restructuring,  wea k an d 
strong .  Accordin g t o Carey ,  knowledg e restructurin g i n th e weji k sens e involve s a  rearrangemen t  o f  th e relationship s 
betwee n existin g concept s suc h a s velocity ,  acceleratio n an d forc e an d th e situation s t o whic h the y apply .  I n wea k 
resuucturing ,  concept s ar e no t  changed ,  rathe r  thei r  application s ar e eithe r  extended ,  restricted ,  o r  rearranged . 
Knowledg e restructurin g i n th e stron g sens e involve s change s i n th e concept s themselves ,  i.e .  actua l  conceptua l 
change .  W e agre e wit h Carey' s proviso s o n conceptua l  chang e wit h som e additiona l  refinement s tha t  ar e a  resul t  o f 
explicid y representin g knowledg e i n conceptua l  maps . 

An Example of Conceptual Change 
T h e followin g i s a  descriptio n o f  ou r  observation s o f  a  sequenc e o f  conceptua l  change s involvin g th e 

relationshi p betwee n forc e an d motion ,  depicte d i n Figur e 2 ,  alon g wit h th e me tho d o f  inducin g thos e change s 
(Minstrell ,  1989) .  T h e metho d w a s originate d b y Minstrel l  almos t  te n year s ago . 

forc e i f  motio n 

I 

n o forc e i f  no t  motio n | 

acceleratio n 

(forc e 1 T i f  v1T ) 

velocit y 

(forc e = > i f  v : 

res t 

acceleratio n 

(ne t  forc e = > i f  a * )  I 

(n o forc e i f  no t  motion ) 

initial refined 

conceptio n initia l 

conceptio n 

I 

I 

velocity v. 

I  (ne t  forc e =  0  i f  v  =* )  > ^ 

I 

I 

net  forc e i f  acceleratio n 

,  n o ne t  forc e i f  n o acceleratio n 

rest-^ ^  I 

(ne t  forc e =  0  i f  v  =  0 )  , 

firs t  versio n 

Newton ia n 

conceptio n 

refined 

Newtonia n 

conceptio n 

Figur e 2 :  A  Serie s o f  Conceptua l  Change s 

T h e bold ,  vertical ,  dashe d lin e a t  th e cente r  o f  th e figure  indicate s a  substantia l 
conceptua l  change .  T h e regular ,  vertical ,  dashe d Une s a t  eithe r  sid e indicat e les s 
substantia l  conceptua l  refinements  ("ft "  -  increases ;  "=> "  - -  remain s constant) . 

Students typically come to us at the introductory college level with the conception, "motion implies force", 
togethe r  wit h a n undifferentiate d vie w o f  motion .  Eve n i f  student s ca n recit e Newton ' s thre e law s o f  motion ,  thei r 
respons e t o questionin g an d thei r  problem-solvin g performanc e usuall y revea l  conception s whic h ar e no t  i n accor d 
witi i  thei r  statemen t  o f  th e laws .  Thi s situatio n i s  indicate d b y th e leftmos t  c o l u m n i n Figur e 2 ,  labele d "initia l 
conception" .  Fol lowin g a  serie s o f  laboratory-base d activitie s usin g microcomputer-base d laborator y ( M B L ) 
equipmen t  (Thornton ,  1987) ,  student s figure  ou t  th e interrelationship s betwee n variou s quantitie s use d t o describ e th e 
motio n o f  particula r  object s fro m graph s o f  distanc e vs .  time ,  velocit y vs .  time ,  an d acceleratio n vs .  time .  The y 
begi n t o discriminat e differen t  motion s w h e n reportin g abou t  fallin g bodies .  Fo r  example ,  the y refe r  t o "speedin g up " 
or  "acceleration "  instea d o f  jus t  "fallin g down" .  Thi s capture s a  distinctio n betwee n th e first  an d secon d column s i n 
Figur e 2 . 
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Thi s differentiatio n o f  motio n doc s not ,  b y itself ,  chang e students '  conception s abou t  th e cause s o f  motion , 
but  i t  doe s generat e a  conceptua l  divisio n o f  motion .  Wit h respec t  t o causation ,  thi s chang e provide s a  basi s fo r 
elaboratin g o r  enrichin g thei r  curren t  conception .  Fo r  example ,  student s wil l  sa y tha t  t o maintai n a  constan t  velocit y 
a constan t  exces s forc e i s neede d an d i f  ther e i s a  changin g velocity ,  the n th e exces s forc e i s changin g a s well .  Thi s 
situatio n i s depicte d i n th e secon d colum n fro m th e lef t  i n Figur e 2 ,  labeled ,  "refine d initia l  conception" . 

Afte r  student s hav e m a d e thi s distinctio n explicitl y  i n class ,  the y ar e aske d t o observ e th e motio n o f  a n 
objec t  whic h i s clearl y unde r  th e influenc e o f  a  constan t  exces s forc e an d ar e surprise d t o find  tha t  i t  doe s no t  m o v e 
wit h constan t  velocity ,  bu t  wit h constan t  acceleration .  Thei r  surpris e i s partl y indicativ e o f  a  cognitiv e 
disequilibratio n (Se e below) .  U p o n furthe r  reflection ,  the y realiz e tha t  thi s invalidate s thei r  explanatio n fo r  constan t 
velocit y whic h i s probabl y n o w bes t  represente d b y "velocit y implie s force" .  I n classroo m situations ,  wher e th e 

teachin g metho d i s constructivist ,  discussion ^  i s encourage d i n whic h student s c o m e t o realiz e tha t  a  zer o magnitud e 
exces s forc e i s a  conditio n fo r  constan t  velocit y whic h i s mor e consisten t  wit h thei r  n e w observatio n abou t 
acceleration .  I n arrivin g a t  thi s vie w the y als o shif t  thei r  consideratio n o f  forc e fro m applie d forc e t o wha t  th e 
physicis t  call s  ne t  force .  Thi s conceptua l  chang e i s represente d a s a  shif t  fro m "refine d initia l  conception "  t o "firs t 
versio n Newtonia n conception "  i n Figur e 2 . 

Thi s serie s o f  laboratory-base d activitie s leave s student s shor t  o f  wha t  w e woul d cal l  a  "refine d Newtonia n 
conception "  i n tha t  th e equivalenc e o f  constan t  velocit y an d res t  ha s no t  bee n completel y resolved .  I t  i s currentl y ou r 
hypothesi s tha t  differentiatin g betwee n res t  an d zer o instantaneou s velocit y underlie s th e chang e t o a  "refine d 
Newtonia n conception" .  Whil e thi s differentiatio n i s addresse d i n a  purel y kinemati c contex t  fo r  th e coin-tos s 
proble m durin g th e students '  M B L work ,  i t  shoul d b e brough t  u p i n th e contex t  o f  applyin g thei r  n e w conceptio n 
(firs t  versio n Newtonia n conception )  t o acceleratio n durin g a  coin-toss .  Anothe r  contex t  i n whic h th e equivalenc e 
betwee n constan t  velocit y an d res t  migh t  b e addresse d i s i n th e consideratio n o f  inertia l  referenc e frames .  Thi s 
differentiado n migh t  clea r  th e w a y fo r  understandin g res t  a s a  particula r  stat e o f  constan t  velocity . 

Assimilation, Accommodation and Disequilibration 
Change s i n th e knowledg e stat e o f  a  learne r  ar e ofte n describe d a s assimilation s an d accommodations .  Thes e 

term s wer e initiall y  introduce d i n th e contex t  o f  learnin g b y Piaget .  W e introduc e assimilation ,  accommodatio n an d 
especiall y disequilibratio n int o ou r  discussio n o f  conceptua l  chang e i n orde r  t o describe ,  fro m th e standpoin t  o f 
learnin g an d pedagogy ,  th e necessar y condition s fo r  conceptua l  change .  Whil e w e thin k o f  conceptua l  chang e i n thes e 
Piagetia n constructivis t  terms ,  w e d o no t  invok e th e nouo n o f  Piagetia n stage s o f  cognitiv e development . 

Assimilatio n i s th e recognitio n tha t  a n even t  (physica l  o r  mental )  fits  a n existin g conceptio n (vo n 
Glasersfeld ,  1987) .  Thi s recognitio n proces s als o involve s a  selectiv e ignorin g o f  discrepancie s deeme d no t  salient . 
Accommodatio n i s a  chang e i n fundamenta l  belie f  abou t  h o w th e worl d works ,  tha t  is ,  a  chang e i n a  conception .  I t  i s 
th e constructio n o f  a  n e w structur e whic h ca n assimilat e a n even t  whic h coul d no t  b e assimilate d unde r  previousl y 
hel d conceptions .  Eac h o f  th e thre e U-ansition s i n Figur e 2  involve s accommodation .  W h e r e th e initia l  conceptio n 
becomes refine d an d wher e th e firs t  versio n Newtonia n conceptio n become s refined ,  w e woul d sa y tha t  "withi n 
conception "  accommodatio n ha s occurred .  I n th e former ,  fo r  example ,  motio n i s differentiate d int o velocit y an d 
acceleration ,  bu t  th e conceptio n tha t  "motio n implie s force "  remain s essentiall y  intact .  "Concepdon-change " 
accommodatio n occur s a t  th e vertical ,  bold ,  dashe d line ;  i.e. ,  wher e th e conceptio n change s fro m th e initial ,  everyda y 
conceptio n t o a  mor e Newtonia n conception .  Th e differenc e betwee n "withi n conception "  an d "conception-change " 
accommodatio n i s a  differenc e i n h o w fundamenta l  di e chang e i n th e students '  knowledg e structur e is .  I t  i s no t  th e 
same a s th e differenc e betwee n Carey' s wea k an d stron g knowledg e restructuring . 

We believ e tha t  fo r  accommodatio n t o occur ,  th e learne r  mus t  becom e motivate d t o chang e b y passin g 
throug h a  stat e o f  cognitiv e disequilibration ;  sometime s profound ,  sometime s not ,  bu t  alway s a  disequilibration . 
W h en a n individua l  canno t  fit  a n even t  int o existin g beliefs ,  a  stat e o f  disequilibratio n exists .  T h e fac t  tha t  certai n 
conception s m a y no t  chang e unde r  norma l  instructio n m a y b e du e t o th e failur e o f  tha t  instiiictio n t o disequilibrat e 
student s witi i  respec t  t o th e conception s tiiey  hold .  I f  student s ca n assimilat e event s (words ,  ideas ,  experiences ) 
presente d i n di e cours e o f  instruction ,  Uie n tiiere  i s n o disequilibratio n an d n o conceptua l  change .  T h e poin t  o f 
instructio n shoul d b e t o induc e conceptua l  change .  I t  canno t  accomplis h thi s withou t  inducin g disequilibratio n an d 
facilitatin g accommodation . 

I t  shoul d b e note d tha t  disequilibratio n i s no t  contradiction .  T h e latte r  refer s t o a  logica l  inconsistenc y 
wherea s disequilibratio n i s a  conceptua l  incongruity .  Disequilibratio n i s no t  a  consequenc e o f  formal ,  trudi-value d 
statements ,  but ,  rather ,  th e surpris e produce d w h e n a n expecte d physica l  even t  doe s no t  occur .  Conceptua l  chang e 
does no t  depen d o n contradiction ,  bu t  o n disequilibration .  ' ^ 

^  I t  i s importan t  tha t  thi s b e a  discussio n betwee n students ,  no t  betwee n student s an d teacher . 

^  Fo r  example ,  whil e peopl e wh o believ e i n helioccntris m woul d find  th e retrograd e motio n o f  th e planet s a  contradictio n 
of  geocentri c belief s thi s wa s no t  th e cas e fo r  thos e wh o hel d th e geocentri c view .  Fo r  them ,  th e retrograd e motio n o f  th e 
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Represen t in g C o n c e p t u a l  K n o w l e d g e fo r  Instructio n 

A knowledge representation scheme that we believe can capture the kinds of differences illustrated in Figure 
2 include s a  subcategorizatio n hierarch y (Komer ,  1970 )  represente d a s a  networ k o f  node s an d link s betwee n the m 
whic h ca n b e instantiate d i n a  compute r  (Brachman ,  1979 ;  Nirenbur g an d M o n a r c h e l  al. ,  1988) ,  a s depicte d i n 

Figur e 3. ^  T h e node s a t  th e highest  leve l  represen t  th e mos t  abstrac t  categorie s suc h a s object ,  attribute ,  relatio n an d 
situatio n {e.g .  slate ,  process) ,  becomin g les s abstrac t  travelin g d o w n th e hierarchy .  Link s ar e relation s betwee n 
categories .  I n th e doma i n o f  mechanics ,  th e primar y kin d iji.e .  subcategory )  o f  objec t  considere d i s "physica l  object " 
an d exampl e kind s o f  "situation "  ar e "motion" ,  "constan t  velocity "  an d "accelerate d mot ion "  (th e latte r  tw o ar e 
subcategorie s o f  "motion") .  Example s o f 

Initia l  Conceptio n 

(colum n 1  i n Figur e 2 ) 

stat e 

res t 

proces s attribut e relation 

motions - cause s forc e 

Refine d Initia l  Conceptio n 

(colum n 2  i n Figur e 2 ) y 

stat e 

res t 

proces s attribut e 

motion ^_ 
'  \  caus^ . - -  forc e 

relatio n 

velocity ^  acceleratio n 

Initia l  Newtonia n Conceptio n 

(colum n 3  i n Figur e 2 ) 

st̂ t e 

rest 

proces s 

motio n 

velocit y acc e 

\  causes ^ 

cceieraticjl^' 

attribut e relatio n 

causes ___,,- net force 

Refine d Newtonia n Conceptio n 

(colum n 4  i n Figur e 2 ) 

stat e 

rest  mot i 

proces s 

change of 

attribut e relatio n 

motio n 

\ 
velocit y 

motio n 

acce l Jeratiflff -

cause s ne t  forc e 

Figur e 3 :  A  Serie s o f  Conceptua l  M a p s 

A networ k representatio n o f  tiie  forc e an d 
motio n conceptua l  change s whic h ar e depicte d 
i n Figur e 2 . 

relations are "takes place in" and "causes", while "mass"' is an example of an attribute. The four networks in Figure 

planets was explainable by epicycles and thus not seen as contradicting the belief that all heavenly bodies revolve 
aroun d th e earth .  Whil e th e identificatio n o f  retrograd e motio n di d no t  contradic t  geocentri c beliefs ,  i t  di d creat e enoug h 
cognitiv e dissonanc e t o requir e th e introductio n o f  epicycles ,  i.e .  a  "within-conception "  accommodation .  W h e n 
epirycle s becam e lo o unwieldy ,  thi s contributed ,  alon g wit h othe r  factors ,  t o furthe r  disequilibratio n an d finally  t o "th e 
Copemica n Revolution" .  Eve n mor e tellin g o f  th e differenc e betwee n contradictio n an d disequilibratio n i s tha t  wha t 
appear s a  contradictor y even t  t o som e ma y no t  disequilibrat e others .  Thi s frequentl y happen s i n traditiona l  instruction . 
Carefull y planne d activitie s fai l  t o lea d student s t o th e conclusion s teacher s intend .  Student s frequentl y fai l  t o b e 
disequilibrate d b y th e experienc e o f  seein g a  materia l  a t  constan t  temperatur e whil e it s surrounding s chang e temperatur e 
durin g heatin g an d coolin g throug h stat e changes . 

^  I t  shoul d b e note d tha t  th e diagram s i n Figur e 3  ar e schematic ,  showin g onl y enoug h detai l  t o illustrat e ou r  points . 
Considerabl y mor e detail ,  w e believe ,  i s necessar y fo r  capturin g students '  knowledg e relatin g t o forc e an d motio n fo r 
instructiona l  purposes . 
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3 correspon d t o th e column s i n Figur e 2 .  I n th e lire t  networ k ther e i s n o subcategorizatio n o f  "motion "  an d "force "  i s 
causall y linke d wit h thi s undifferentiate d "motion" .  I n th e secon d network ,  "force "  i s causall y linke d t o "velocity " 
whic h i s n o w a  par t  o f  a  differentiate d "motion. "  I n th e thir d networ k th e notio n o f  forc e ha s becom e "ne t  force" ,  a 
relatio n betwee n object s instea d o f  a n attribut e o f  a n objec t  an d i t  i s  causall y linke d t o "acceleration. "  I n th e fourt h 
networ k "motion "  become s a  stat e lik e "rest "  whil e "chang e o f  motion "  i s a  proces s -  thu s "velocity "  i s "motion "  a s 
a stat e whil e "acceleration "  i s a  chang e o f  motion . 

Conceptual Maps 
We cal l  a  networ k representatio n o f  th e knowledg e stat e o f  a  studen t  a  "conceptua l  map" .  I t  enable s u s t o 

giv e precis e an d explici t  specification s o f  th e element s an d relationship s associate d wit h conceptua l  change .  Th e 
node s i n th e networ k represen t  wha t  w e cal l  individua l  concept s (e.g .  "force" )  whil e conceptions  ca n b e expresse d a s 
proposition s (e.g .  "motio n implie s force" )  whic h ar e combination s o f  concepts .  Th e proposition ,  "motio n implie s 
force" ,  indicate s a  causa l  relationshi p betwee n th e concept s o f  forc e an d motio n tha t  i s explicitl y  capture d i n th e 
network .  Thoug h conception s ar e menta l  entities ,  w e ar e abl e t o refe r  t o the m throug h proposition s represente d 
explicid y i n th e map .  Sinc e conceptions ,  lik e "motio n implie s force" ,  ar e th e basi s fo r  understandin g h o w th e worl d 
works ,  the y ar e represente d b y (causal )  relationship s betwee n node s relativel y hig h u p i n th e networ k hierarchy . 
Conceptua l  chang e i n genera l  give s ris e t o differen t  kind s o f  change s i n th e netwoik .  Fo r  example ,  a  conceptio n m a y 
be "enriched "  b y th e differentiatio n o f  a n existin g concep t  tha t  i s  par t  o f  th e conception .  Thi s differentiatio n i s 
represente d a s th e generatio n o f  subcategorie s i n conceptua l  map s (within-conceptio n accommodation) .  Fo r  example , 
i n th e first  colum n o f  Figur e 2 ,  motio n i s undifferentiated ,  ye t  i n th e secon d colum n i t  become s differentiate d leadin g 
t o a n enriche d conception . 

Our  schem e fo r  representin g students '  knowledg e i s uniqu e i n tha t  i t  enable s u s t o brin g togethe r  a 
constructivis t  (Glasersfeld ,  1984 )  learnin g framewor k an d knowledg e representatio n techniques .  Th e representatio n 
makes explici t  th e categorie s b y whic h student s discriminat e differen t  situation s an d th e conceptua l  apparatu s the y 
use t o identif y an d describ e thos e situations .  Ther e ar e recen t  indication s tha t  other s intereste d i n scienc e aiucatio n ar e 
beginnin g t o us e knowledg e representatio n technique s (Nersessian ,  1989) .  Skil l  model s giv e a  precis e w a y o f 
modelin g th e student' s skil l  knowledge ,  an d ca n b e teste d b y mode l  tracing ,  whic h involve s simulatin g problem -
solvin g behavior .  Likewise ,  conceptua l  map s wil l  provid e a  concis e wa y o f  modelin g conceptua l  knowledg e sinc e 
the y ca n b e use d t o trac e a  student' s conceptua l  learning .  Accommodatio n ca n b e represente d a s a  sequenc e o f  tw o o r 
more conceptua l  map s tracin g a  conceptua l  chang e i n whic h conception s ar e altere d eithe r  b y enrichin g the m throug h 
ne w subcategorie s o r  changin g relationship s betwee n categories .  Thus ,  a n accommodatio n ca n b e tracke d goin g from 
a networ k representin g motio n a s a  proces s requirin g forc e t o a  mor e Newtonia n networ k i n whic h acceleratio n i s a 

proces s requirin g force. ^ 
Ther e ar e tw o importan t  point s t o not e here .  Th e first  concern s abstrac t  categorie s lik e "process "  an d "state" , 

as depicte d i n Figur e 3 ,  whil e th e othe r  concern s th e proble m 'tracking '  concept s acros s conceptua l  changes .  Wit h 
regar d t o th e first  point ,  w e ar e no t  recommendin g tha t  beginnin g student s lear n t o distinguis h th e difference s 
betwee n certai n abstrac t  categories ,  lik e "process "  an d "state" ,  an d t o b e abl e t o classif y certai n physica l  concept s 
unde r  them .  W h a t  w e ar e recommendin g i s tha t  teacher s recogniz e th e categoria l  affiliation s o f  studen t  concept s s o 
tha t  the y ca n bette r  understan d thei r  students '  learnin g needs . 

As regard s th e secon d point ,  w e believ e tha t  overlap s i n th e situation s t o whic h th e concept s ar e applie d an d 
th e stabilit y  o f  m a n y o f  th e concept s from  networ k t o networ k wil l  allo w u s t o identif y earlie r  an d late r  version s o f 
th e sam e concepts .  Whil e thi s vie w regardin g th e fraceability  o f  conceptua l  chang e i s simila r  t o other s (Carey ,  1985 ; 
Keil ,  1989) ,  w e believ e ou r  conceptua l  maps ,  o r  networks ,  wil l  specif y m u c h mor e explicid y wha t  change s an d wha t 
remain s th e sam e i n conceptua l  change .  Conceptua l  network s wil l  no t  onl y represen t  alternativ e conception s bu t 
Newtonia n conception s a s well .  W e wil l  b e abl e t o represen t  al l  manne r  o f  intermediat e conception s i n differen t 
maps fro m a  student' s initia l  alternativ e conception s t o th e aime d fo r  Newtonia n conceptions . 

The Knowledge Framework 
Th e framework  fo r  representin g knowledg e encompasse s conceptua l  map s fo r  pedagogicall y relevan t 

knowledg e state s an d fo r  th e se t  o f  conceptua l  change s whic h lin k them .  Th e map s ar e buil t  b y analyzin g data , 
acquire d fro m studen t  interview s an d problem-solvin g tasks ,  int o conception s an d categor y distinction s o r  concepts . 
Representin g thi s analyze d dat a involve s th e identificatio n o f  pedagogicall y relevan t  knowledg e b y a n examinatio n o f 

°  I n a  Newtonia n framework ,  motio n a s constan t  velocit y i s a  stat e lik e rest .  Th e preservatio n o f  suc h state s d o no t  requir e 
externa l  force s (McGuire ,  1990) .  Onl y accelerate d motio n a s a  chang e o f  motio n o r  chang e o f  stat e i s a  proces s requirin g 
externa l  force .  Suc h "conception-change "  accommodatio n ma y requir e change s i n oniologica l  categorizatio n (Komer , 
1970) .  I n thi s cas e th e conceptua l  chang e i s represente d i n par t  a s a  differentiatio n o f  motion ,  wher e th e differentiate d 
categorie s ar e eac h classifie d unde r  differen t  ontologica l  categories ,  proces s o n th e on e hand ,  stat e o n th e othe r  (Koyre , 
1968 ;  Kuhn ,  1970 ;  Feyerabend .  1988 ) 
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siuden i  conception s i n compariso n wit h Newtonia n conceptions .  A s i s ilhistraie d i n Figure s 3 ,  som e o f  th e salien t 
difference s ar e causa l  linkage s an d hierarchica l  relation s o f  physic s concept s t o variou s ontologica l  categories . 

Conceptua l  change s occu r  i n th e contex t  o f  knowledg e element s tha t  appea r  t o b e invarian t  fro m studen t  t o student. ^ 
Thes e invarian t  element s includ e abstrac t  ontologica l  categorie s lik e "state "  an d "process "  o n th e on e han d an d 
concret e element s suc h a s prototypica l  scenario s whic h peopl e hav e i n c o m m o n (fo r  example ,  student s typicall y refe r 
t o th e relatio n betwee n th e "gas "  peda l  i n a  ca r  an d th e motio n o f  th e car) .  Thes e concret e knowledg e element s ar e 
ver y importan t  becaus e the y ar e wha t  student s ofte n argu e fro m t o suppor t  thei r  pre-Newtonia n conceptions .  Havin g 
student s carefull y examin e thes e element s ca n b e th e basi s fo r  student s t o begi n conceptua l  chang e (Minsu-ell ,  1989) . 

Thus ,  conceptua l  map s ar e comprise d o f  ontologica l  categorie s an d concret e elements ,  a s wel l  a s physic s 
concept s suc h a s "motion" ,  "velocity" ,  "force" ,  etc .  Conception s (bot h alternativ e an d physicists' )  whic h ca n chang e 
ar c situate d agains t  th e backgroun d o f  th e stabl e framewor k o f  ontologica l  an d concret e elements .  Th e fac t  tha t  ther e 
ar e stabl e element s i n a  conceptua l  m a p constrain s th e numbe r  o f  possibl e variation s an d make s th e tas k o f  mappin g 
a student' s conception s les s dijfficul t  tha n migh t  b e imagined . 

Once conceptua l  map s o f  studen t  idea s hav e bee n built ,  desire d conceptua l  change s mus t  b e determined . 
Such map s togethe r  wit h map s o f  goa l  conception s ca n b e use d t o dra w connection s betwee n alternativ e conception s 
and goa l  conceptions ,  fo r  example ,  implie d b y th e sequenc e o f  conceptua l  change s depicte d i n Figur e 3 .  Thes e ma y 
revea l  whethe r  ther e ar e othe r  knowledge-stat e element s o r  structure s whic h mus t  b e fiuthe r  divide d a s precondition s 

as thes e conceptua l  changes ,  suc h a s differentiatin g th e concep t  o f  motio n describe d above. ^ 

Conclusion 

Pedagogically, conceptual maps enable instruction to focus on explicitly depicted aspects of students' 
understandin g throug h th e kind s o f  distinction s student s mak e whe n the y thin k abou t  th e physica l  world .  Tha t  is ,  th e 
maps organiz e an d m a k e explici t  th e essentia l  conten t  o f  experience s intende d t o disequilibrat e students .  Thus , 
analogou s t o proble m feature s tha t  compris e th e conditiona l  side s o f  rule s use d t o mode l  skill s  associate d wit h 
specifi c  problem-solvin g actions ,  portion s o f  conceptua l  map s ca n b e considere d t o represen t  feature s o f  studen t 
knowledg e state s associate d wit h conceptua l  chang e technique s tha t  effec t  change s i n thos e knowledg e states . 
Conceptua l  maps ,  a s w e hav e describe d them ,  enabl e u s t o monito r  an d evaluat e studen t  learnin g b y providin g a 
mor e precis e w a y o f  representin g conceptua l  change .  Th e mor e salien t  detai l  tha t  i s  include d i n th e networks ,  th e 
mor e accurat e wil l  b e th e representation s o f  students '  knowledg e o n whic h instructio n wil l  b e base d and ,  w e believe , 
th e mor e effectiv e wil l  b e instruction . 
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