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Abstrac t 

Chi (1992; Chi and Slotu, 1993; Slotta, Chi and Joram, 
1995 )  suggest s tha t  student s experienc e difficult y i n 
learnin g certai n physics  concept s becaus e the y 
inappropriatel y attribut e thes e concept s wit h th e ontolog y 
of  materia l  substances(MS) .  Accordin g t o accepte d physic s 
theory ,  thes e concept s (e.g. ,  light ,  heat ,  electri c current ) 
ar e actuall y a  specia l  typ e o f  proces s tha t  Ch i  (1992 )  call s 
"Constraint-Base d Interactions "  (CBI) .  Student s canno t 
understan d th e process-lik e natur e o f  thes e concept s 
becaus e o f  thei r  bia s toward s substance-lik e conceptions , 
and als o becaus e the y ar e unfamilia r  wit h th e CB I 
ontology .  Thus ,  conceptua l  chang e ca n b e facilitate d b y 
providin g student s wit h som e knowledg e o f  th e CB I 
ontolog y befor e the y receiv e th e relevan t  physic s 
instruction .  Thi s CB I  trainin g wa s provide d b y mean s o f  a 
computer-base d instructiona l  modul e i n whic h student s 
manipulate d simulation s a s the y rea d a n accompanyin g tex t 
concernin g fou r  attribute s o f  th e CB I  ontology .  A  contro l 
grou p simpl y rea d a  (topicall y similar )  tex t  fro m th e 
compute r  screen .  Th e tw o group s the n studie d a  physic s 
textboo k concernin g concept s o f  electricity ,  an d performe d 
a post-tes t  whic h wa s assesse d fo r  evidenc e o f  conceptua l 
change .  A s a  resul t  o f  thei r  trainin g i n th e CB I  ontology , 
th e experimenta l  grou p showe d significan t  evidenc e o f 
conceptua l  chang e wit h regard s t o th e CB I  concep t  o f 
electri c current . 

I n t r o d u c t i o n 

Toward a cognitive theory of instruction 
For  decades ,  researcher s hav e studie d th e scienc e knowledg e 
of  novices  an d expert s i n a  widesprea d effor t  t o identif y an d 
characteriz e misconception s o f  a  broa d arra y o f  scienc e 
concepts .  A t  th e sam e time ,  researc h ha s als o explore d 
differen t  approache s t o scienc e instructio n whic h attemp t  t o 
tak e thes e misconception s int o account .  Pfun d an d Duit t 
(1988 )  hav e produce d a  catalo g o f  nearl y 200 0 publishe d 
studie s o f  students '  physic s misconception s an d instructiona l 
attempt s a t  thei r  removal .  O n e importan t  goa l  o f  thi s 
researc h (Resnick ,  1983 )  ha s bee n t o develo p a  cognitiv e 
theor y o f  instruction ,  whic h woul d provid e a  detaile d 
descriptio n o f  learnin g i n term s o f  th e student' s initia l 
knowledge ,  an d h o w tha t  knowledg e interact s wit h th e 
instructiona l  message .  T o date ,  however ,  ther e i s  n o 
instructiona l  theory ,  no r  an y methodolog y whic h assure s 
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that  students entering the science classroom will not finish 
th e semeste r  wit h th e sam e misconception s the y ha d o n th e 
firs t  da y o f  class . 

A ny instructiona l  theor y require s a  theor y o f  conceptua l 
change ,  whic h provide s a  cognitiv e accoun t  o f  students ' 
initia l  conception s an d th e rol e the y pla y i n th e learnin g 
processes .  Ch i  (1992 ;  Chi ,  Slott a an d deLeeuw ,  1993 ; 
Slott a an d Chi ,  1995) ,  ha s propose d a  theor y o f  conceptua l 
chang e (describe d below )  tha t  i s  abl e t o accoun t  fo r  severa l 
importan t  phenomen a i n th e misconception s literature .  A 
secon d requiremen t  i s a  vali d mean s o f  assessin g studen t 
conception s an d conceptua l  change ,  whic h i s th e focu s o f 
recen t  wor k b y Slotta ,  Ch i  an d Jora m (1995) .  Th e presen t 
stud y build s o n thi s backgroun d b y implementin g a n 
instructiona l  approac h tha t  follow s fro m Chi' s theory ,  an d 
assessin g it s effectivenes s i n term s o f  conceptua l  chang e a t 
an ontologica l  level . 

Researcti on student misconceptions 
I n reviewin g researc h o n scienc e misconceptions ,  Ch i  (1992 ) 
has observe d tha t  som e misconception s ar e easil y remove d 
i n th e cours e o f  instruction ,  whil e other s ar e 
characteristicall y robust ,  meanin g tha t  the y surviv e eve n 
w h en directl y confronte d b y instruction .  I n on e stud y 
(McCloskey ,  1982) ,  mor e tha n hal f  o f  th e universit y 
engineerin g student s wer e stil l  plague d b y misconception s o f 
th e basi c concep t  o f  force .  Thes e "robus t  misconceptions " 
ar e typica l  o f  certai n physic s concepts ,  an d m a y b e partl y 
responsibl e fo r  th e difficult y perceive d b y student s an d 
teacher s i n th e physic s classroom .  I n reviewin g th e 
literatur e o n physics  misconceptions ,  Reiner ,  Slotta ,  Ch i 
and Resnic k (i n press )  foun d tha t  student s ofte n attribut e 
difficul t  concept s suc h a s force ,  heat ,  light ,  an d electricit y 
wit h materialisti c  properties .  Slotta ,  Ch i  an d Jora m (1995 ) 
aske d physic s novice s t o solv e conceptua l  problem s 
involvin g light ,  heat ,  an d electri c current ,  an d observe d a 
clea r  bia s toward s materialisti c  menta l  model s (e.g. , 
reasonin g abou t  electri c curren t  i n a  wir e a s i f  i t  wer e a  flui d 
flowing  insid e a  hose) .  A n y theor y o f  instructio n whic h 
hope s t o accoun t  fo r  thes e robus t  naiv e conception s mus t  b e 
sensitiv e t o thi s apparen t  materialisti c  commitment . 

A theory of conceptual change 
Chi  (1992 ;  Chi ,  Slott a an d deLeeuw ,  1993 ;  Slott a an d Chi , 
1995 )  ha s advance d a  theor y o f  conceptua l  chang e tha t  i s 
abl e t o accoun t  fo r  w h y som e physic s misconception s ar e 
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robus t  (an d other s ar e not) ,  an d w h y ther e i s a n apparen t 
preferenc e fo r  materialisti c  misconceptions .  Th e theor y als o 
afford s som e prediction s abou t  h o w instructio n ca n bes t 
procee d i n addressin g persisten t  misconceptions .  I t  i s  upo n 
one suc h predictio n tha t  th e presen t  researc h i s founded . 

The theor y begin s wit h th e assumptio n tha t  peopl e 
associat e al l  concept s wit h distinc t  ontologie s (whic h ca n b e 
though t  o f  a s fundamenta l  categories) ,  suc h a s processes , 
ideas ,  o r  materia l  substance s (throughou t  th e paper ,  an y 
referenc e t o suc h ontologica l  categorie s wil l  b e italicized) . 
W h en a  ne w concep t  i s learned ,  i t  i s  associate d wit h som e 
ontology ,  whic h help s th e learne r  understan d wha t  kin d o f 
concep t  i t  is ,  an d wha t  attribute s i t  m a y possess .  Thus ,  i n 
learnin g abou t  a  ne w concep t  suc h a s "osmosis" ,  i f  perso n 
recognize s i t  (fo r  an y reason )  a s a  sor t  o i  process ,  the n suc h 
attribute s a s "take s s o m e tim e t o occur" ,  an d "ha s a 
chronologica l  sequence "  wil l  becom e implicitl y  associate d 
wit h th e concept .  Misconception s aris e whe n a  perso n 
associate s a  n e w concep t  wit h th e wron g ontology .  I n 
learnin g abou t  th e concep t  o f  "heat" ,  fo r  example ,  m a n y 
childre n wrongl y assum e a  materia l  substanc e ontology , 
perhap s becaus e o f  languag e convention s suc h a s "clos e th e 
door ,  you'r e lettin g al l  th e hea t  out "  (Reine r  e t  al. ,  i n press) . 
I n fact ,  th e concep t  o f  hea t  i s  mor e appropriatel y associate d 
wit h a  proces s ontology ,  a s i t  i s  bes t  though t  o f  i n term s o f 
th e ttansfiet  o f  molecula r  kineti c energy . 

Specifically ,  Ch i  ha s propose d tha t  a  particula r 
ontologica l  clas s o f  scienc e concepU ,  whic h sh e ha s calle d 
constraint-base d interaction s ( a typ e o f  Process) ,  ar e 
characteristicall y mistake n b y novice s a s possessin g th e 
ontolog y o f  materia l  substances .  Thes e ar e concept s whic h 
typicall y involv e constraint s suc h a s th e equilibratio n o f 
certai n syste m propertie s (e.g. ,  insid e an d outsid e 
temperature ;  voltages ;  ai r  pressures ;  etc. )  -  propertie s tha t 
ar e ofte n difficul t  fo r  a  physic s novic e t o perceive .  W h e n 
Slott a e t  al .  (1995 )  aske d physic s expert s t o solv e th e sam e 
conceptual  problem s tha t  wer e give n t o th e novice s 
(concerne d wit h topic s o f  light ,  hea t  an d electricity) ,  thei r 
explanation s o f  thes e problem s wer e consisten t  wit h a 
constraint-base d interactio n ontology ,  an d no t  a  materia l 
substanc e on e (i n contras t  wit h th e novices) .  Thes e 
observe d ontologica l  difference s betwee n th e conception s o f 
novice s an d expert s suggest s tha t  Chi' s accoun t  m a y b e 
accurate :  novice s m a y clin g t o thei r  misconception s becaus e 
the y ar e unabl e t o sto p thinkin g o f  thes e concept s a s 
materia l  substances . 

For  example ,  a  studen t  migh t  tal k abou t  electri c curren t  a s 
"shootin g ou t  o f  th e battery" ,  o r  "leakin g ou t  o f  th e wires" , 
eve n w h e n tol d explicitl y  tha t  suc h description s ar e 
incorrect .  Becaus e o f  thi s misconception ,  th e studen t  wil l 
experienc e difficult y i n learnin g abou t  electri c curren t  i n it s 
scientifi c  sense ;  a s a  typ e o f  proces s wher e al l  o f  th e free 
electron s i n th e circui t  acquir e a  unifor m velocit y 
component ,  resultin g i n a  ne t  flo w o f  electri c charg e throug h 
any give n poin t  aroun d th e circuit .  Thi s bia s toward s th e 
materia l  substanc e ontolog y m a y resul t  from a  variet y o f 
differen t  causes :  materialisti c  biase s i n language ,  suc h a s i n 
th e hea t  exampl e above ;  th e dominanc e o f  th e materia l 
substanc e ontolog y i n ou r  conceptua l  knowledge ,  suc h tha t 
i t  become s a  "default "  fo r  nove l  concept s (i.e. ,  mos t  o f  ou r 

earl y experienc e i s wit h materia l  substance s an d thei r 
observe d behavior) ;  o r  th e paucit y o f  example s fro m 
alternativ e ontologie s (suc h a s tha t  o f  constraint-base d 
interaction s ontology) .  Whateve r  th e origi n o f  thi s bias ,  th e 
challeng e o f  teachin g certai n physic s concept s apparentl y 
involve s convincin g student s t o eithe r  relinquis h thei r  initis d 
ontologica l  associations ,  o r  els e graduall y forge t  them . 

Method s 

Design 
Th e presen t  researc h applie s Chi' s theor y i n a  metho d o f 
instructio n whos e focu s i s ontologica l  training .  Th e theor y 
suggest s tha t  student s m a y b e facilitate d i n learnin g process -
lik e conception s i f  the y ar e first  (befor e an y physic s 
instruction )  provide d wit h s o m e knowledg e o f  th e 
Constraint-Base d Interaction s (CBI )  ontology .  W e develope d 
a computer-base d trainin g modul e whic h provide s instructio n 
i n th e C B I  ontolog y b y mean s o f  tex t  an d simulations ,  wit h 
no mentio n o f  an y concept s i n electricity .  W e hypothesiz e 
tha t  subject s w h o receiv e thi s C B I  trainin g wil l  gai n som e 
knowledg e o f  th e process-lik e natur e o f  electri c curren t  from 
subsequen t  instructio n i n electricit y topics .  Befor e receivin g 
th e C B I  training ,  subject s wer e pre-teste d fo r  misconception s 
of  electri c current ,  usin g material s derive d from  Slott a e t  a l 
(1995) .  Afte r  th e trainin g session ,  the y wer e provide d wit h 
instructio n i n electricit y topics ,  take n directl y fro m a 
popula r  conceptua l  physic s tex t  (Hewitt ,  1987) .  Finally , 
the y receive d th e pretes t  question s a  secon d time ,  t o tes t  fo r 
improvemen t  i n proble m solving ,  a s wel l  a s difference s i n 
th e ontologica l  natur e o f  thei r  explanations .  Performanc e o f 
th e experimenta l  subject s wa s contraste d wit h tha t  o f  a 
contro l  grou p w h o di d no t  receiv e th e trainin g module ,  bu t 
instea d reviewe d a  tex t  simila r  i n domai n content . 

Assessmen t  o f  conceptua l  chang e wa s performe d accordin g 
t o th e metho d develope d b y Slott a e t  a l  (1995) ,  wher e verba l 
explanatio n dat a i s analyze d fo r  it s conten t  o f  a  specifi c  se t 
of  conceptua l  attribute s tha t  ar e determined ,  a  priori ,  t o 
indicat e ontologie s o f  materia l  substanc e ( M S )  o r  C B I , 
respectively .  I f  a  subjec t  talk s abou t  electri c curren t  i n 
materialisti c  terms ,  thi s i s take n t o reflec t  a n underlyin g 
conceptio n o f  electri c curren t  a s a  materia l  substance^ . 
Similarly ,  th e us e o f  verba l  predicate s whic h reflec t 
ontologica l  attribute s o f  constraint-base d interaction s ar e 
take n t o reflec t  th e presenc e o f  a  C B I  association .  W e 
hypothesiz e tha t  th e experimenta l  grou p wil l  s h o w a 
transitio n from  th e pretes t  (wher e the y explai n problem s i n 
term s o f  th e M S ontology) ,  t o th e post-tes t  (wher e the y wil l 
dra w upo n mor e C B I  predicate s i n thei r  explanations) . 

'Note :  th e us e o f  materialisti c  word s o r  phrase s i s no t 
sufficien t  evidenc e o f  a  materia l  substanc e conception .  Th e 
subjec t  i s  require d t o us e thes e word s o r  phrase s i n suc h a 
way tha t  s/h e predicate s th e concep t  wit h the m 
meaningfully .  S o th e subject' s explanatio n won' t 
necessaril y  b e score d a s "materialistic "  i f  sh e use s th e wor d 
"moves" ,  wherea s i f  sh e use d th e phras e "th e electri c curren t 
moves ' ,  thi s woul d b e code d a s evidenc e o f  a  materia l 
substanc e conception . 
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A p p a r a t u s a n d Material s 

CBI training module. This training module consisted 
of  a  computer-presente d text ,  whic h subject s rea d a t  thei r 
o wn pace ,  an d whic h periodicall y referre d t o on e o f  severa l 
runnin g simulation s o n th e to p portio n o f  th e screen . 
Subject s wer e tol d tha t  the y wer e learnin g abou t  " a specia l 
typ e o f  scienc e concept "  calle d Equilibratio n Processe s 
(whic h wa s determine d t o b e a  mor e tenabl e nam e tha n 
"constraint-base d interactions") .  Th e trainin g focuse d o n 
tw o example s o f  th e C B I  categor y -  Ai r  Expansio n an d 
Liqui d Diffusion .  Th e tex t  wa s organize d aroun d fou r 
"specia l  qualities "  o f  thes e equilibratio n processes ,  whic h 
wer e describe d a s applyin g t o m a n y difficul t  scienc e 
concepts . 

1.  Equilibratio n Processe s hav e n o clea r  cause -
and-effec t  explanation . 

2.  Equilibratio n Processe s involv e a  syste m o f 
interactin g component s seekin g equilibriu m 
amongst  severa l  constraints . 

3.  I n a n Equilibratio n Process ,  certai n 
constraint s behav e a s the y d o becaus e the y 
ar e actuall y th e combine d effec t  o f  man y 
smalle r  processe s occurrin g simultaneousl y 
and independentl y withi n th e system . 

4.  Equilibratio n Processe s hav e n o beginnin g 
or  ending ,  eve n i f  the y arriv e a t  a n 
equilibriu m position . 

For  bot h topic s (Ai r  Expansio n an d Liqui d Diffusion) ,  eac h 
of  th e fou r  attribute s wa s describe d an d illustrate d (b y mean s 
of  a  simulation) .  T h e trainin g tex t  conclude d wit h a 
summary o f  al l  fou r  attributes . 

As th e reade r  progresse d throug h th e trainin g module ,  eac h 
exampl e (Ai r  Expansio n an d Liqui d Diffusion )  wa s presente d 
i n term s o f  thes e fou r  attributes ,  whic h wer e illustrate d b y a 
runnin g simulation .  Fo r  th e concep t  o f  Ai r  Expansion ,  th e 
simulatio n consiste d o f  a  cylinder-pisto n syste m ( a rectangl e 
wit h a  moveabl e "ceiling" )  wit h movin g ai r  molecule s 
(circles )  tha t  collid e wit h th e wall s o f  th e cylinde r  an d wit h 
th e piston .  W h e n mor e molecule s o f  ai r  ar e pumpe d int o 
th e syste m (b y a n animate d p u m p whic h inject s mor e circle s 
int o th e cylinder) ,  th e pisto n i s see n t o rise .  Th e first 
attribut e ("n o clea r  cause-an d effec t  explanation" )  wa s 
illustrate d b y showin g student s a  fault y mode l  tha t  woul d 
hav e provide d a  clea r  casua l  accoun t  o f  th e piston' s rising : 
marble s (packe d circles )  wer e arrange d withi n th e cylinde r  s o 
tightl y tha t  the y force d agains t  on e another ;  newl y adde d 
marble s ha d n o room ,  an d thu s force d th e uppe r  marble s 
agains t  th e piston ,  whic h rose .  I t  wa s pointe d ou t  tha t  n o 
suc h clea r  chai n o f  caus e an d effec t  exist s t o explai n th e 
risin g o f  a  pisto n i n a  cylinde r  ful l  o f  air ,  an d tha t  thi s 
specia l  qualit y i s c o m m o n t o al l  Equilibratio n Processe s 
(Constraint-Base d Interactions) .  Eac h o f  th e fou r  attribute s 
was the n discusse d i n turn ,  definin g th e syste m (attribut e 
number  2 )  an d it s ques t  fo r  equilibrium ,  the n enumeratin g 
th e constraint s o n thi s proces s (attribut e 3) ,  an d stressin g th e 
fac t  tha t  i t  neve r  arrive s a t  a n end-point ,  bu t  jus t 
continuousl y pursue s th e equiUbriu m stat e (attribut e 4) . 

Pr e an d pos t  tests .  T h e pre -  an d post-test s wer e 
identical ,  wit h eigh t  conceptua l  problems ,  eac h consistin g o f 
a simpl e electri c circui t  an d a  questio n abou t  it s behavior . 
Typically ,  th e subjec t  woul d b e aske d whethe r  al l  th e bulb s 
i n a  paralle l  o r  serie s circui t  woul d illimiinat e a t  exactl y th e 
same tim e whe n a  switc h wa s closed ,  o r  whethe r  a n 
illuminate d bul b i n a  circui t  woul d di m o r  remai n th e sam e 
when a  secon d bul b wa s adde d (eithe r  i n serie s o r  paralle l 
wit h th e first)  b y closin g a  switch .  Afte r  choosin g a n 
answe r  fo r  a  problem ,  th e subjec t  wa s aske d t o explai n he r 
response ,  wit h frequen t  promptin g t o ensur e a  detaile d 
explanatio n o f  wha t  wa s happenin g i n th e problem . 

Electricity Text. These materials were seen by both 
experimenta l  an d contro l  groups ,  an d consiste d o f 
approximatel y thirt y paragraph s o f  tex t  draw n fro m a 
popula r  conceptua l  physic s textboo k (Hewitt ,  1987 )  an d 
presente d i n it s intende d sequence ,  wit h th e exceptio n tha t 
any referenc e t o th e famou s wate r  analog y fo r  electri c 
circuit s wa s removed . 

Subjects 
Subject s wer e 2 2 universit y undergraduat e student s recruite d 
fro m th e Universit y o f  Pittsburg h an d pai d fo r  thei r 
participation .  Mal e an d femal e student s wer e roughl y equa l 
i n number ,  an d n o subjec t  ha d an y university-leve l  scienc e 
background ,  no r  an y forma l  trainin g i n electricity . 

Procedure 

Session 1. The study consisted of two sessions, each 
lastin g approximatel y tw o hours .  I n th e first  session , 
universit y student s wit h n o scienc e backgroun d complete d a 
pre-tes t  consistin g o f  8  qualitativ e problem s abou t  simpl e 
electri c  circuits .  Subject s i n th e experimenta l  grou p the n 
receive d th e C B I  Ontolog y Training_Module ,  whic h 
consiste d o f  approximatel y 2 S double-space d page s o f  tex t 
an d tw o animate d simulations ,  whos e purpos e wa s t o 
illustrat e element s withi n th e text .  A s th e reade r  progresse d 
throug h th e trainin g modul e text ,  sh e wa s occasionall y 
instructe d t o "clic k o n th e simulatio n button" ,  resultin g i n 
some behavio r  fro m on e o f  th e simulation s tha t  wa s furthe r 
describe d an d referre d t o b y th e text .  Subject s i n th e trainin g 
modul e wer e interrupte d periodicall y b y computer-presente d 
explanatio n prompts ,  whic h assure d thei r  attentio n t o th e 
content .  A t  th e en d o f  th e trainin g module ,  experimenta l 
subject s receive d th e trainin g modul e post-tes t  ,  whic h 
consiste d o f  five  broa d question s concernin g th e definitio n 
and applicatio n o f  equilibriu m processe s (CBI) .  Subject s 
wer e awar e o f  thi s tes t  a t  th e outse t  o f  th e trainin g module , 
whic h provide d som e motivatio n fo r  the m t o atten d t o th e 
material .  Mos t  importantly ,  i t  provide d a  mean s o f 
assessin g th e exten t  t o whic h subject s assimilate d th e 
materia l  i n th e trainin g module . 

Contro l  subject s di d no t  receiv e th e C B I  Trainin g Module , 
and spen t  th e firs t  sessio n readin g a  completel y differen t  tex t 
fi-om  th e compute r  scree n (althoug h th e sam e interfac e wa s 
used) .  Thi s contro l  tex t  wa s selecte d fro m a n existin g 
publishe d scienc e tex t  (Hewitt ,  1987 )  s o tha t  i t  wa s roughl y 
equivalen t  t o th e trainin g modul e text ,  bot h i n topi c (gase s 
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and fluids)  an d leve l  o f  difficulty .  Subject s w h o receiv e thi s 
contro l  tex t  wer e als o occasionall y interrupte d b y computer -
presente d explanatio n prompts .  A t  th e en d o f  th e session , 
al l  contro l  subjec u receive d th e contro l  tex t  post-test ,  whic h 
consiste d o f  qualitativ e question s concernin g th e definitio n 
and propertie s o f  th e materia l  describe d i n th e contro l  text . 
Subject s wer e awar e o f  thi s tes t  a t  th e beginnin g o f  th e 
session ,  s o tha t  i t  provide d som e motivatio n fo r  the m t o 
atten d t o th e material . 

Session 2. All subjects received the same materials and 
procedur e i n sessio n 2 ,  whic h consiste d o f  a  physic s tex t 
concernin g electricit y an d electri c circuits .  Thi s wa s a 
conceptua l  treatmen t  o f  electricity ,  selecte d fro m a  well -
know n publishe d physic s tex t  (Hewitt ,  1987) .  I n th e cours e 
of  readin g throug h thi s text ,  subject s (bot h contro l  an d 
experimental )  encountere d occasiona l  explanatio n prompts . 
Afte r  completin g th e transfe r  text ,  al l  subject s receiv e th e 
post-test ,  whic h wa s identica l  t o th e pre-test .  I n parting , 
subject s wer e aske d t o complet e a n exi t  surve y i n whic h 
the y provide d informatio n concernin g thei r  hig h schoo l 
achievemen t  (grad e poin t  averag e an d S A T scores) , 
universit y grad e poin t  average ,  etc . 

Analysis of Conceptual Change 

Conceptua l  chang e wa s assesse d b y analyzin g subjects ' 
verba l  explanation s o f  pr e an d pos t  tes t  problem s accordin g 
t o th e presenc e o f  attribute s fro m eithe r  th e M S o r  C B I 
ontology .  Th e attribute s wer e selecte d base d o n previou s 
wor k b y Slotta ,  Chi ,  an d Jora m (1995) ,  w h o measure d th e 
pattern s o f  verba l  predicatio n i n explanation s generate d b y 
physic s novice s an d expert s i n respons e t o a  se t  o f  simila r 
conceptua l  problems .  Slott a et .  a l  interprete d thi s predicate -
use a s evidenc e o f  ontologica l  commitments .  Tha t  is ,  i f  a 
subjec t  said ,  "Th e curren t  come s dow n th e wir e an d get s use d 
UC b y th e first  bulb ,  s o ver v litd e o f  i t  make s it s wa y t o th e 
secon d bulb" ,  the n thes e fou r  (underUned )  predicate s wer e 
take n a s evidenc e tha t  sh e conceptualize d curren t  a s a 
substance-lik e entit y whic h (I )  M o v e s ,  (2 )  ca n b e 
C o n s u m e d ,  (3 )  ca n b e Quantified ,  an d (4 )  M o v e s , 
respectively .  Slott a et .  a l  foun d tha t  expert s use d 
predominantl y proces s attribute s fo r  thei r  description s o f 
electri c current ,  wherea s novice s relie d o n substanc e 
attribute s almos t  exclusively . 

The si x mos t  c o m m o n attribute s o f  electri c curren t  wer e 
chose n fro m th e Slott a e t  al .  (1995 )  novic e explanation s a s a 
basi s Sg t  fo r  th e S U b n m c ^  predipat̂ S i n th e presen t  analysis : 
M o v es ,  i s Supplie d ,  i s  Quantifie d ,  come s t o Rest ,  i s 
Absorbe d ,  an d i s Consume d .  Similarly ,  th e si x mos t 
c o m m on attribute s o f  electri c curren t  i n th e explanation s o f 
physic s expert s wer e chose n a s a  basi s se t  fo r  th e proces s 
predicate s i n th e presen t  analysis :  System-Wid e ,  Movemen t 
Proces s ,  Unifor m Stat e ,  Equilibriu m Stat e ,  Simultaneit y , 
and Independenc e .  Give n a  complet e codin g o f  al l  subjects ' 
explanatio n dat a (codin g eac h explanatio n fo r  th e presenc e o f 
al l  si x attribute s i n eac h o f  th e tw o basi s sets) ,  w e ca n 

quantitativel y addres s suc h question s as ,  (1 )  T o wha t  exten t 
do subjec u attribut e th e concep t  o f  electri c curren t  wit h 
substance-lik e qualitie s versu s process-lik e qualities ? (2 )  I s a 
subject' s choic e o f  attribute s affecte d b y th e C B I  categor y 
trainin g (i.e. ,  i s  ther e conceptua l  change) ? an d (3 )  D o 
subject s w h o score d highl y o n th e trainin g post-tes t  sho w 
mor e conceptua l  chang e tha n thos e w h o di d not ,  a s measure d 
by increase s i n proces s predicatio n o r  decrease s i n substanc e 
{H^dication ? 

Once al l  explanation s hav e bee n code d fo r  th e presenc e o f 
substanc e an d proces s attributes ,  a  measur e ca n b e derive d b y 
simpl y tabulatin g th e numbe r  o f  predicate s fro m eac h basi s 
set  tha t  wer e presen t  i n a n explanation .  Thi s sor t  o f 
"binary "  measur e lose s som e frequency  information ,  bu t 
avoid s man y possibl e distortions ,  an d th e nee d t o normaliz e 
fo r  protoco l  length .  Thus ,  i f  a  subjec t  use d th e M o v e s 
predicat e 1 5 time s i n a n explanation ,  i t  woul d onl y b e 
counte d once .  Thi s result s i n a  m a x i m u m scor e o f  6  fo r 
bot h th e Proces s an d Substanc e attribute s (subject s 
occasionall y î iplie d bot h proces s an d substanc e predicate s t o 
th e concep t  o f  electri c curren t  i n th e sam e explanation) . 
Thes e measure s ca n the n b e use d i n quantitativ e analyse s 
(discusse d i n Result s section :  Conceptua l  Change ,  below) . 

Results 

P r o b l e m Solvin g Ga in s 
A startlin g resul t  wa s tha t  th e experimenta l  grou p showe d 
significan t  gain s i n th e proble m solvin g tas k (pre-pos t  tes t 
gains) ,  eve n thoug h thi s wa s no t  a  stron g goa l  o r  predictio n 
of  th e study .  I t  wa s no t  anticipate d tha t  a  singl e trainin g 
sessio n ( 2 hours )  followe d b y a  singl e sessio n o f  topi c stud y 
( 2 hours )  woul d hav e a  noticeabl e impac t  o n students '  abilit y 
t o solv e eve n simpl e conceptua l  problems .  Thes e tes t  item s 
wer e intende d fo r  us e mainl y a s a  mean s o f  evokin g 
conceptua l  discussion s an d explanations ,  whic h ar e th e focu s 
of  ou r  analysi s o f  conceptua l  change .  Howeve r , 
experimenta l  subject s showe d pre-pos t  tes t  gain s o f  2 9 % 
compare d t o th e contro l  group' s gai n o f  onl y 8 % .  Thi s 
differenc e wa s significant ,  wit h F(l,20 )  =  6.97 ,  p  =  0.017 . 

Conceptual Change 
Bot h contro l  an d experimenta l  group s relie d almos t  entirel y 
on substanc e predicate s i n explainin g thei r  pretes t  solutions , 
replicatin g Slott a e t  al .  (1995) .  Analysi s o f  post-tes t 
explanation s reveale d th e hypothesize d conceptua l  chang e i n 
th e experimenta l  group ,  w h o relie d greatl y o n proces s 
predicates ,  an d ver y seldo m dre w upo n th e substanc e 
predicate s (thu s resemblin g th e expert s i n th e Slott a e t  al . 
study) .  Bot h th e increas e i n proces s predicatio n (F(l,10 )  = 
39.05 ,  p  =  0.000 2 )  an d th e decreas e i n substanc e predicatio n 
(F(l,10 )  =  28.5 ,  p  =  0.0007 )  wer e significant .  Contro l 
subject s showe d n o suc h transitio n i n thei r  preferenc e o f 
conceptua l  attributes ,  wit h n o significan t  difference s i n leve l 
of  processo r  substanc e pitdiciAion .  Figur e 1  (to p o f  nex t 
page )  show s a  grap h o f  th e proces s an d substanc e predicatio n 
fo r  th e experimenta l  an d contro l  groups . 
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Contro l  Ss :  Substanc e Predicate s 

Experimental Ss: Process Predicates 
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Figur e 1 .  Us e o f  Substanc e (squares )  an d Proces s (triangles )  predicate s i n pre -  an d post-tes t  explanations . 

Becaus e a  post-tes t  wa s administere d afte r  th e trainin g 
modul e (t o asses s comprehensio n of .  an d transferabilit y  o f 
th e trainin g content) ,  i t  wa s possibl e t o spli t  th e 
experimenta l  grou p int o hig h an d lo w scorer s o n thi s test . 
Figur e 2  show s tha t  successfu l  trainin g wa s indee d a 
requiremen t  fo r  conceptua l  change ,  wit h th e hig h scorin g 
subject s responsibl e fo r  nearl y al l  th e gain s o f  th e 
experimenta l  group .  Th e interactio n suggeste d b y Figur e 2 
-  betwee n Trainin g Spli t  (high ,  low ,  control )  an d decreas e 
i n substanc e predicatio n - -  i s significan t  (F(2 ,  20 )  =  4.5 ,  p  = 
0.0200 ,  a s i s th e interactio n betwee n Trainin g Spli t  an d 
increas e i n proces s predicatio n (F2 ,  20 )  =  24. 7 ,  p  = 
0.0001) .  Th e low-scorin g experimenta l  grou p di d sho w a 
reductio n i n substanc e predicatio n an d a n increas e i n proces s 
predicatio n compare d t o th e contro l  group ,  bu t  significantl y 
les s s o tha n th e high-scorin g trainin g group .  I n general ,  al l 
apparen t  difference s betwee n hig h an d lo w scorer s ar e 
significan t  a t  leas t  t o p=0.05 . 

Discussion 

These findings are quite novel to the literature on conceptual 
chang e a s wel l  a s instruction .  M a n y researcher s hav e 

explore d intervention s t o confron t  robus t  physic s 
misconceptions .  Ye t  mos t  hav e offere d intervention s whic h 
directl y targe t  th e misconceptions ,  a s i f  tryin g t o construc t 
th e scientifi c  conceptio n fro m th e naiv e one .  Chi' s (1992 ) 
theor y argue s tha t  th e naiv e substance-base d conception s 
shoul d b e ignored ,  an d tha t  physic s instructio n wil l  succee d 
onl y t o th e exten t  tha t  th e studen t  comprehend s th e nove l 
ontologie s involved .  W e hav e foun d tha t  whe n student s ar e 
traine d i n th e onto log y o f  C o n s t r a i n t - B a s e d Interactions , 
the y sho w immediat e impressiv e gain s i n learnin g th e 
desire d conceptions .  Wit h onl y a  singl e focuse d trainin g 
session ,  experimenta l  subject s wer e abl e t o dra w enoug h 
ne w insigh t  fro m a  standar d physic s tex t  tha t  the y 
substantiall y  revise d thei r  response s t o conceptua l  physic s 
problem s an d (mor e importantly )  offere d explanation s tha t 
wer e qualitativel y distinc t  from  thei r  naiv e pre-tes t  accounts . 
Perhap s mos t  importan t  i s th e fac t  tha t  th e physic s trainin g 
material s wer e completel y unmodifie d fo r  th e purpose s o f 
thi s intervention .  Bot h experimenta l  an d contro l  group s 
receive d th e exac t  sam e physic s materials ,  ye t  contro l 
subject s wer e unabl e t o achiev e an y substantia l  progres s 
away from  thei r  prio r  misconceptions . 
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Figur e 2 .  Us e o f  Substanc e (left )  an d Proces s (right )  predicate s i n pre -  an d post-tes t  explanation s (Hig h v s Low-traine d 
experimenta l  subject s v s controls ) 
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The implication s o f  thi s researc h fo r  instructio n i s tha t 
ther e ma y b e certai n type s o f  scienc e concept s whic h ar e 
inherentl y difficul t  fo r  th e novic e becaus e the y ar e s o 
completel y foreig n -  student s hav e neve r  encountere d a 
concep t  lik e the m befor e ~  an d becaus e th e student s ar e 
alread y possesse d o f  ver y familia r  an d comfortabl e 
preconception s whic h ar e qualitativel y o n th e wron g track . 
Conceptua l  chang e i n thes e case s ma y bes t  b e serve d b y 
earl y trainin g i n th e natur e (i.e. ,  ontology )  o f  thes e 
concepts ,  followe d b y norma l  physic s instruction . 
Additionally ,  i t  i s  perhap s mor e clea r  n o w tha t  i n som e 
(perhap s th e mos t  difficult )  cases ,  student s canno t  mak e 
gradua l  facilitate d transitio n from  thei r  preconceptio n t o th e 
"scientific "  conception ,  becaus e th e tw o endpoint s ar e 
separate d b y a  profoun d ontologica l  barrier . 
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