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Abstrac t 

Three important findings of research on expertise in formal 
science s suc h a s physic s ar e tha t  novice s an d expert s diffe r 
wit h respec t  t o (1 )  ho w the y structur e thei r  domai n knowledge , 
(2 )  ho w the y mentall y represen t  problem s an d (3 )  ho w the y 
approac h problems .  Thoug h first  attempt s hav e bee n mad e t o 
accoun t  fo r  th e acquisitio n o f  knowledg e structure s a s pos -
sesse d b y experts ,  th e reconstructio n o f  th e involve d learnin g 
mechanism s i n a  psychologicall y plausibl e an d instructionall y 
fruitfu l  wa y stil l  remain s a  challenge .  I n a n experimenta l 
study ,  w e investigate d ho w tent h grader s acquir e an d succes -
sivel y relat e qualitativ e an d quantitativ e proble m representa -
tion s i n classica l  mechanics .  Initially ,  subject s wer e taugh t 
eithe r  qualitativ e o r  quantitativ e aspect s o f  classica l  mechan -
ics .  Afterwards ,  tw o subjects ,  wh o wer e taugh t  differently ,  col -
laborate d o n problem s whic h wer e beyon d th e competenc e o f 
eac h o f  the m separately .  Befor e an d afte r  th e collaboratio n 
subject s ha d t o wor k o n multi-componen t  tests .  I n addition , 
protocol s wer e take n o f  th e subjects '  verba l  exchang e o f  infor -
matio n durin g collaborativ e proble m solving .  A n analysi s o f 
varianc e o f  th e multi-componen t  test s reveale d tha t  th e sub -
ject s successfull y learne d t o interrelat e qualitativ e an d quanti -
tativ e proble m representations .  A  protoco l  analysi s furthe r 
indicate d tha t  subject s graduall y shifte d thei r  focu s fro m quan -
titativ e proble m representation s t o qualitativ e proble m repre -
sentation s durin g collaborativ e proble m solving . 

Introduction 

Within the last 20 years, cognitive science research on exper-
tis e i n forma l  science s suc h a s physic s ha s reveale d variou s 
difference s betwee n novice s an d expert s (fo r  overview s se e 
Chi ,  Glase r  &  Rees ,  1982 ;  VanLehn ,  1996) .  Thre e importan t 
finding s ar e tha t  novice s an d expert s diffe r  wit h respec t  t o 
(1 )  h o w the y structur e thei r  domai n knowledge ,  (2 )  h o w the y 
mentall y represen t  problem s an d (3 )  h o w the y approac h 
problems . 

Whi l e novice s frequentl y see m t o posses s knowledg e 
structure s i n whic h differen t  aspect s o f  a n applicatio n 
domai n suc h a s empiricall y observabl e aspect s an d theoreti -
cal  aspect s remai n separated ,  th e knowledg e o f  expert s 
seems t o b e structure d i n suc h a  w a y tha t  differen t  aspect s o f 
an applicatio n domai n ar e tightl y interrelate d (e.g. ,  Chi ,  Fel -
tovic h &  Glaser ,  1981) .  Furthermore ,  whil e novice s predom -
inantl y represen t  pose d problem s o n th e basi s o f  empiricall y 
observabl e aspects ,  expert s primaril y represen t  problem s o n 

th e basi s o f  theoretica l  aspect s suc h a s qualitative-conceptua l 
an d quantitative-numerica l  aspects . 

Th e mentione d difference s i n knowledg e structur e an d 
proble m representatio n severel y affec t  h o w novice s an d 
expert s approac h standar d textboo k physic s problem s (e.g. , 
Chi ,  Feltovic h &  Glaser ,  1981 ;  Larkin ,  1983) .  T o solv e a 
pose d problem ,  i n a  first  ste p novice s frequentl y construc t  a 
proble m representatio n tha t  picture s th e differen t  object s 
named i n th e proble m description .  Suc h a  proble m represen -
tation ,  however ,  ca n hardl y b e take n advantag e o f  w h e n th e 
appropriat e domai n principle s an d equation s nee d t o b e 
selecte d fo r  application . 

Therefore ,  i n a  secon d ste p novice s c o m m o n l y attemp t  t o 
construc t  a  quantitative-numerica l  proble m representatio n b y 
algebraicall y combinin g equations .  Thereb y the y typicall y 
wor k backward s fro m a  variabl e whos e valu e ha s t o b e deter -
mine d (e.g. ,  Larkin ,  McDermot t ,  S imo n &  Simon ,  1980) . 
Yet ,  i n m a n y case s novice s ge t  los t  i n a  muddl e o f  equation s 
wit h n o mean s a t  han d t o appl y the m successfull y an d effi -
ciently . 

Experts ,  i n contrast ,  initiall y  m a k e us e o f  thei r  theoretica l 
domai n knowledg e t o approac h a  pose d proble m qualita -
tivel y an d t o construc t  a  qualitative-conceptua l  proble m rep -
resentation .  Afterwards ,  suc h a  representatio n i s  take n 
advantag e o f  t o constrai n an d t o direc t  th e constructio n o f  a n 
appropriat e quantitative-numerica l  representation . 

As a  consequenc e o f  thes e findings,  artificia l  intelligenc e 
research ,  educationa l  researc h a s wel l  a s psychologica l 
researc h hav e directe d increasingl y mor e attentio n toward s 
th e constructio n o f  qualitativ e proble m representation s an d 
h o w the y ca n b e use d t o construc t  appropriat e quantitativ e 
proble m representations . 

Thoug h first  attempt s hav e bee n m a d e t o accoun t  fo r  th e 
acquisitio n o f  knowledg e structure s a s possesse d b y expert s 
(e.g. ,  Eli o &  Scharf ,  1990) ,  th e reconstructio n o f  th e 
involve d learnin g mechanism s i n a  psychologicall y plausibl e 
an d instructionall y fruitfu l  w a y stil l  remain s a  challenge .  I n 
an experimenta l  study ,  w e investigate d h o w tent h grader s 
acquire ,  exten d an d successivel y relat e qualitativ e an d quan -
titativ e proble m representation s i n classica l  mechanic s dur -
in g collaborativ e proble m solving . 

T h e result s o f  th e stud y provid e evidenc e tha t  th e subject s 
di d no t  onl y lear n t o successfull y interrelat e qualitativ e an d 
quantitativ e proble m representation s bu t  als o tha t  th e sub -
ject s graduall y shifte d thei r  focu s fro m quantitativ e proble m 
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representation s t o qualitativ e proble m representation s durin g 
collaborativ e proble m solving .  Thes e findings  ca n b e inter -
prete d a s first  step s i n th e acquisitio n o f  knowledg e struc -
ture s a s the y ar e possesse d b y experts . 

The res t  o f  th e pape r  i s organize d a s follows .  I n th e nex t 
section ,  th e distinctio n betwee n qualitative-conceptua l  an d 
quantitative-numerica l  proble m representation s i s se t  forth . 
The desig n o f  th e empirica l  study ,  th e material s used ,  th e 
procedur e applie d an d th e result s observe d ar e reporte d next . 
A discussio n conclude s th e paper . 

Qualitative and Quantitative Problem 

Representat ion s i n Classica l  M e c h a n i c s 

The investigated application domain is made up of standard 
textboo k physic s problem s whic h involv e one-dimensiona l 
motio n wit h constan t  acceleration .  Th e knowledg e unde r 
scrutin y i s knowledg e abou t  qualitativ e an d quantitativ e 
aspect s o f  variou s concept s i n dynamic s (e.g. ,  gravitationa l 
force ,  norma l  force ,  an d frictio n force )  an d kinematic s (e.g. , 
time ,  position ,  displacement ,  velocity ,  an d acceleration) . 

Knowledg e abou t  qualitativ e aspect s encode s informatio n 
suc h a s th e condition s unde r  whic h concept s ca n legitimatel y 
be applied ,  th e attribute s possesse d b y concept s an d th e val -
ues concep t  attribute s migh t  have .  I t  migh t  specify ,  fo r  exam -
ple ,  tha t  ther e i s a  kineti c frictio n forc e o n a n object , 
wheneve r  ther e i s a  norma l  forc e o n th e objec t  an d th e objec t 
i s  movin g o n a  surfac e whic h i s no t  frictionless . 

Knowledg e abou t  quantitativ e aspect s encode s informa -
tio n abou t  interactio n an d motio n laws .  I t  relie s o n mathe -
matica l  formalism s t o describ e definition s o f  an d functiona l 
relationship s betwee n concept s b y mean s o f  algebrai c an d 
vector-algebrai c equations .  I t  migh t  specify ,  fo r  instance , 
tha t  th e magnitud e o f  th e kineti c frictio n forc e F f  o n a n 
objec t  equal s th e magnitud e o f  th e norma l  forc e F ^  o n th e 
same objec t  time s th e coefficien t  o f  frictio n f :  F f  =  F ^  x  f . 

As d e Klee r  (1975 )  point s out ,  knowledg e abou t  qualita -
tiv e an d quantitativ e aspect s canno t  b e separate d a t  a  clear -
cut  boundary .  Rather ,  thi s distinctio n refer s t o th e end s o f  a 
continuu m wit h a  considerabl e bod y o f  knowledg e between 
the m (e.g. ,  Ploetzner ,  Spada ,  Stump f  &  Opwis ,  1990 ;  Whit e 
& Frederiksen ,  1990) . 

We conceptualiz e qualitativ e an d quantitativ e proble m 
representation s a s complementar y representation s base d o n 
knowledg e abou t  qualitativ e an d quantitativ e aspects ,  respec -
tivel y (se e Ploetzner ,  1995) .  Qualitativ e proble m representa -
tion s includ e informatio n abou t  essentia l  proble m feature s t o 
be take n int o accoun t  an d importan t  distinction s t o b e drawn . 
Whil e quantitativ e proble m representation s hel p t o resolv e 
ambiguitie s frequentl y inherentl y involve d i n qualitativ e 
proble m representations ,  qualitativ e proble m representation s 
ar e a  prerequisit e fo r  th e appropriat e constructio n an d us e o f 
quantitativ e proble m representations . 

Method 

Design 

Two experimenta l  group s an d on e contro l  grou p wer e 
formed .  2 4 subject s fro m tw o differen t  school s wer e equall y 

distribute d amon g th e thre e groups .  Al l  subject s ha d t o wor k 
on a  pretest ,  a n intermediat e tes t  an d a  posttest .  Betwee n th e 
pretes t  an d th e intermediat e test ,  th e subject s ou t  o f  th e 
experimenta l  group s worke d o n tw o differen t  instructiona l 
units .  Whil e th e subject s ou t  o f  th e first  experimenta l  grou p 
worke d o n a n instructiona l  uni t  o n qualitativ e aspect s o f  clas -
sica l  mechanics ,  th e subject s ou t  o f  th e secon d experimenta l 
grou p worke d o n a n instructiona l  uni t  o n quantitativ e aspect s 
of  classica l  mechanics . 

Betwee n th e intermediat e tes t  an d th e posttest ,  dyad s wer e 
forme d wit h subject s wh o ha d receive d differen t  instruc -
tiona l  units .  The y worke d collaborativel y o n fou r  classica l 
mechanic s problem s whic h wer e beyon d th e competenc e o f 
eac h o f  the m individuall y an d whic h demande d th e interrela -
tio n o f  qualitativ e an d quantitativ e proble m representations . 
The subject s ou t  o f  th e contro l  grou p di d no t  receiv e an y 
treatmen t  betwee n th e differen t  tests . 

Materials 

Instructional Units Two instructional units on classical 
mechanic s wer e constructed .  On e uni t  describe d qualitativ e 
aspect s o f  classica l  mechanic s an d on e uni t  describe d quanti -
tativ e aspect s o f  classica l  mechanics .  Bot h unit s comprise d 
section s o n (a )  coordinat e system s an d vectors ,  (b )  resolutio n 
and additio n o f  vectors ,  (c )  velocit y an d acceleratio n an d (d ) 
forces .  Th e qualitativ e an d quantitativ e aspect s o f  th e 
addresse d concept s wer e presente d b y mean s o f  concep t 
maps (e.g. ,  Novak ,  1990) .  On e o r  mor e concep t  map s wer e 
followe d b y severa l  example s an d exercises .  Th e solution s t o 
th e exercise s wer e als o presented .  Eac h instructiona l  uni t 
comprise d abou t  9 0 pages . 

Problems Four different classical mechanics problems for 
collaborativ e proble m solvin g wer e se t  up .  The y ar e show n 
i n Tabl e 1 .  Eac h proble m ask s fo r  a  precis e quantitativ e solu -
tion .  However ,  i n orde r  t o necessitat e collaboratio n durin g 
proble m solving ,  th e problem s wer e designe d i n suc h a  wa y 

Tabl e 1 :  Problem s fo r  collaborativ e proble m solvin g 

Problem 1: A coin of mass m = 0.03 kg is tossed straight 
up int o th e ai r  wit h th e velocit y v  =  7  m/s .  Afte r  whic h 
distanc e r  i s  th e coin' s velocit y reduce d t o v  =  3  m/s ? 

Proble m 2 :  A  bloc k o f  mas s m =  1 5 k g start s fro m res t 
(initia l  velocit y v  =  0  m/s )  dow n a  frictionles s ( f  =  0 ) 
plan e incline d a t  a n angl e a  =  3 0 wit h th e horizontal . 
What  i s th e block' s velocit y v  afte r  th e tim e t  =  2  s ? 

Proble m 3 :  Wha t  i s th e min imu m stoppin g distanc e fo r  a 
car  o f  mas s m =  82 0 k g travellin g alon g a  fla t  horizonta l 
roa d wit h th e velocit y v  =  1 2 m/s ,  i f  th e coefficien t  o f  fric -
tio n f  betwee n tire s an d roa d equal s 0.8 ? 

Proble m 4 :  A  bloc k o f  mas s m =  1 0 k g i s projecte d u p a n 
incline d plan e wit h th e velocit y v  =  5  m/s .  Th e plan e i s 
incline d a t  a n angl e a  =  1 5 .  Whic h distanc e r  u p th e 
plan e doe s th e bloc k go ,  i f  th e coefficien t  o f  frictio n f 
betwee n bloc k an d plan e equal s 0.3 ? 
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tha t  thei r  solution s requir e th e interrelatio n o f  qualitativ e an d 
quantitativ e proble m representations . 

Multi-Component Tests Before and after the instruction as 
wel l  a s afte r  th e collaborativ e proble m solving ,  subject s ha d 
t o wor k o n paralle l  tests .  Th e test s wer e mad e u p o f  tw o 
component s whic h asses s knowledg e abou t  qualitativ e an d 
quantitativ e aspect s o f  classica l  mechanics .  Si x item s o f  th e 
firs t  componen t  asses s knowledg e abou t  qualitativ e aspect s 
and si x item s asses s knowledg e abou t  quantitativ e aspects . 

Th e item s wer e designe d i n suc h a  wa y tha t  th e solutio n t o 
eac h ite m require d th e us e o f  informatio n presente d i n th e 
instructiona l  uni t  o n qualitativ e o r  quantitativ e aspects , 
respectively . 

Th e si x item s o f  th e secon d componen t  wer e designe d i n 
suc h a  wa y tha t  th e solutio n t o eac h ite m require d th e interre -
latio n o f  qualitativ e an d quantitativ e proble m representa -
tions .  Thus ,  whil e hal f  o f  th e item s o f  th e first  tes t 
componen t  shoul d b e solvabl e afte r  th e instructio n too k 
place ,  item s o f  th e secon d tes t  componen t  shoul d onl y b e 
solvabl e t o a  large r  exten t  afte r  th e collaborativ e proble m 
solvin g too k place . 

Th e pretest ,  th e intermediat e test ,  an d th e posttes t  wer e 
made u p o f  paralle l  items .  I n orde r  t o avoi d th e assessmen t  o f 
abilitie s whic h ar e specifi c  t o th e us e o f  concep t  maps ,  con -
cep t  map s wer e no t  include d i n th e tests .  Paralle l  item s wer e 
designe d i n suc h a  wa y tha t  th e sam e knowledg e neede d t o 
be applie d t o solv e them .  However ,  surfac e feature s suc h a s 
numerica l  value s wer e varie d acros s paralle l  items .  Withi n 
eac h test ,  item s wer e arrange d i n rando m order . 

Subjects 24 female tenth graders from two different high 
school s volunteere d fo r  th e study .  Th e subject s wer e betwee n 
16 an d 1 7 year s old .  The y wer e pai d fo r  thei r  participation . 
Al l  o f  th e subject s ha d attende d classe s o n basi c aspect s o f 
classica l  mechanics .  I n thes e classes ,  th e concept s o f  time , 
position ,  displacement ,  velocity ,  acceleration ,  an d forc e ha d 
bee n introduced .  Th e interrelation s betwee n thes e concept s 
had bee n describe d b y mean s o f  position-time- ,  velocity -
time- ,  an d acceleration-time-diagrams ,  fo r  example .  H o w -
ever ,  non e o f  th e subject s ha d attende d classe s o n mor e 
advanced ,  Newtonia n aspect s o f  classica l  mechanic s a s the y 
ar e i n th e foregroun d o f  thi s study . 

Procedure 

Th e subject s ou t  o f  th e tw o experimenta l  group s wer e inves -
tigate d i n pairs .  Eac h pai r  wa s compose d o f  subject s fro m 
differen t  school s an d wa s investigate d fo r  fou r  day s running . 
On th e first  day ,  th e subject s worke d o n th e pretest ,  a n intro -
ductio n int o th e structur e o f  concep t  map s an d th e first  sec -
tion s o f  th e instructiona l  units . 

Whil e on e subjec t  receive d instructio n o n qualitativ e 
aspect s o f  classica l  mechanics ,  th e othe r  subjec t  receive d 
instructio n o n quantitativ e aspects .  Whil e the y worke d o n th e 
pretes t  an d th e instructiona l  units ,  subject s ha d t o wor k o n 
thei r  o w n an d wer e no t  allowe d t o exchang e information . 
However ,  the y wer e allowe d t o wor k collaborativel y o n th e 
introductio n t o th e structur e o f  concep t  maps . 

On th e secon d day ,  th e subject s worke d o n th e remainin g 
section s o f  th e instructiona l  unit s an d o n th e intermediat e 

test .  Again ,  subject s ha d t o wor k o n thei r  o w n an d wer e no t 
allowe d t o exchang e information . 

On th e thir d day ,  th e subject s collaborate d o n thre e prob -
lem s (Proble m 1 ,  2 ,  an d 3  a s show n i n Tabl e 1 )  whic h 
demand th e interrelatio n o f  qualitativ e an d quantitativ e prob -

le m representations .  Durin g collaborativ e proble m solving , 
subject s wer e allowe d t o exchang e informatio n a t  thei r  will . 
Th e verba l  exchang e o f  informatio n wa s tap e recorded .  Afte r 
th e subject s finished  thei r  collaborativ e proble m solvin g 
attempt ,  the y wer e give n feedbac k abou t  th e correctnes s o f 
thei r  solution ,  I n th e cas e tha t  th e solutio n wa s incorrect , 
the y wer e tol d wher e a n erro r  wa s made .  Th e solutio n t o th e 
problem ,  however ,  wa s no t  tol d t o th e subjects .  A t  th e en d o f 
th e collaborativ e proble m solving ,  subject s wer e allowe d t o 
re-rea d selecte d section s i n th e uni t  whic h the y ha d receive d 
durin g instruction . 

On th e fourt h day ,  th e subject s collaborate d o n th e remain -
in g proble m (Proble m 4  a s show n i n Tabl e 1 )  unde r  th e sam e 
condition s a s describe d above .  Finally ,  eac h subjec t  worke d 
individuall y o n th e posttest . 

Th e subject s ou t  o f  th e contro l  grou p wer e investigate d i n 
groups .  The y worke d o n thre e differen t  day s o n th e pretest , 

th e intermediat e tes t  an d th e posttest .  Betwee n tw o day s o f 
testin g ther e wa s on e da y withou t  testing .  Durin g th e study , 
al l  subject s wer e allowe d t o us e a  rule r  an d a  calculator .  Th e 
subject s wer e no t  give n feedbac k abou t  thei r  answer s t o th e 
differen t  tests . 

Results 

Analysis of the Multi-Component Tests 

Th e averag e relativ e solutio n frequencie s o f  al l  group s i n th e 
first  tes t  componen t  o f  th e pretest ,  intermediat e test ,  an d 
posttes t  ar e show n i n Figur e 1 .  A  two-wa y analysi s o f  vari -
anc e wit h repeate d measurement s Grou p x  Tes t  wa s com -
puted .  Acros s groups ,  th e subject s improve d significantl y 
fro m th e pretes t  t o th e posttes t  (F(2 ,  42 )  =  70.57 ,  p  <  .001) . 

80%- A 

a 
c 
u 
3 

•2 50% -

o 

1 
ti 
W 
Ui 
u 

0 % 

Qualitativ e 
grou p 

^Quantitativ e 
grou p 

Contro l 
grou p 

I 
Pretes t Intermediat e 

tes t 

— r > 
Posttes t 

Figur e 1 :  Th e solutio n frequencie s o f  al l  group s i n th e first 
componen t  o f  th e pre- ,  intermediate ,  an d posttest . 
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The subject s ou t  o f  th e experimenta l  group s gaine d signifi -
cantl y mor e fro m th e pretes t  t o th e posttes t  tha n th e subject s 
out  o f  th e contro l  grou p (F(4 ,  42 )  =  13.05 .  p  <  .001) . 

At  thi s leve l  o f  analysis ,  th e subject s ou t  o f  th e experimen -
ta l  group s di d no t  diffe r  significantl y i n thei r  gain s (F{2 ,  28 ) 
= .68 ,  p  =  .51) .  I n thei r  tendency ,  however ,  th e subject s wh o 
initiall y  wer e taugh t  qualitativ e aspect s o f  classica l  mechan -
ic s gaine d mor e fro m th e informatio n provide d b y thei r 
quantitativel y instructe d partner s durin g collaborativ e prob -
le m solvin g tha n th e othe r  wa y round .  Whil e th e correctnes s 
of  th e qualitativel y instructe d subject s increase d o n averag e 
by 3 6 % fro m th e intermediat e tes t  t o th e posttest ,  th e correct -
ness o f  th e quantitativel y instructe d subject s increase d onl y 
by 2 5 % . 

To mak e thi s differenc e eve n mor e visible ,  th e item s o f  th e 
first  tes t  componen t  whic h asses s knowledg e abou t  qualita -
tiv e aspect s o f  classica l  mechanic s wer e analyze d separatel y 
fro m th e item s whic h asses s knowledg e abou t  quantitativ e 
aspects .  Again ,  a  two-wa y analysi s o f  varianc e wit h repeate d 
measurement s Grou p x  Tes t  wa s computed .  Th e correspond -
in g averag e relativ e solutio n frequencie s ar e show n i n Figur e 
2. 
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Figur e 2 :  Th e solutio n frequencie s o f  th e experimenta l 
group s i n th e first  componen t  o f  th e intermediat e an d post -

tes t  wit h respec t  t o th e item s whic h asses s knowledg e 
abou t  qualitativ e o r  quantitativ e aspects . 

The subject s di d no t  diffe r  significantl y wit h respec t  t o 
ho w wel l  the y wer e abl e t o consolidat e an d t o exten d th e 
knowledg e the y ha d acquire d durin g th e instruction .  H o w -
ever ,  a s predicted ,  th e subject s differe d significantl y wit h 
respec t  t o ho w wel l  the y wer e abl e t o tak e advantag e o f  th e 
informatio n provide d b y thei r  partner s durin g collaborativ e 
proble m solvin g (F(l ,  14 )  =  5.3 ,  p  <  .05) .  Th e subject s w h o 
initiall y  wer e taugh t  qualitativ e aspect s o f  classica l  mechan -
ic s gaine d significantl y mor e fro m th e informatio n provide d 
by thei r  quantitativel y instructe d partner s tha n th e othe r  wa y 
round . 

The averag e relativ e solutio n frequencie s o f  al l  group s i n 

th e secon d tes t  componen t  o f  th e pretest ,  intermediat e test , 
and posttes t  ar e show n i n Figur e 3 .  A  furthe r  two-wa y analy -
si s o f  varianc e wit h repeate d measurement s Grou p x  Tes t 
was computed .  A s expected ,  th e item s o f  th e secon d tes t 
componen t  wer e onl y solvabl e t o a  large r  exten t  afte r  th e col -
laborativ e proble m solvin g too k place .  Th e subject s ou t  o f 
th e experimenta l  group s improve d significantl y fro m th e 
intermediat e tes t  t o th e posttes t  (F (  1 ,  14 )  =  9.6 ,  p  <  .01). ' 
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Figur e 3 :  Th e solutio n frequencie s o f  al l  group s i n th e 
secon d componen t  o f  th e pre- ,  intermediate ,  an d posttest . 

Protoco l  Analysi s 

Data Analyzed During collaborative problem solving, the 
subjects '  verba l  exchang e o f  informatio n wa s tap e recorded . 
On th e basi s o f  th e subjects '  achievement s i n th e tests ,  thre e 
pair s o f  subject s wer e selected .  I n on e pair ,  bot h subject s 
clearl y improve d fro m th e intermediat e tes t  t o th e posttest .  I n 
tw o pairs ,  onl y th e qualitativel y o r  th e quantitativel y 
instructe d subjec t  improve d evidently .  Th e tape s whic h 
recorde d th e subjects '  wor k o n th e first,  second ,  an d fourt h 
proble m wer e transcribed .  Th e transcript s wer e segmente d 
int o statement s whic h corresponde d mor e o r  les s t o phrases . 

The first  20 0 statement s o f  eac h transcrip t  wer e catego -
rize d b y makin g us e o f  D I S C O U N T (se e Pilkington ,  1996 ; 
Pilkingto n &  Parker-Jones ,  1996) ,  a  schem e fo r  analyzin g 
dialogu e structure s a s the y ca n b e observe d durin g collabora -
tiv e proble m solvin g an d learning . 

Whil e w e als o too k advantag e o f  D I S C O U N T t o describ e 
ho w successfull y learnin g an d les s successfull y learnin g sub -
ject s diffe r  i n thei r  dialogu e structure s (se e Knese r  &  Ploet -
zner ,  1998) ,  i n thi s pape r  w e repor t  a n analysi s i n whic h 
D I S C O U NT wa s applie d t o categoriz e whethe r  th e subjects ' 
statement s addres s qualitative ,  quantitative ,  o r  interrelation s 

1.  Becaus e i n th e pretes t  ther e wa s n o varianc e a t  al l  observable ,  w e 
di d no t  conduc t  a  comparabl e analysi s wit h respec t  t o th e pretes t 
and th e intermediat e test .  Subject s ou t  o f  bot h experimenta l 
groups ,  however ,  wer e abl e t o solv e a  fe w item s o f  thi s tes t  com -
ponen t  i n th e intermediat e test .  Thi s migh t  b e du e t o pre-knowl -
edge i n connectio n wit h knowledg e acquire d durin g th e 
instruction ,  fo r  example . 

2.  Th e shortes t  transcrip t  comprise d 11 7 statements ,  th e longes t  45 2 
statements . 
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betwee n qualitativ e an d quantitativ e aspect s o f  classica l 
mechanics . 

Qualitative and Quantitative Aspects in Subjects' State-
men t s Tabl e 2  show s h o w ofte n th e qualitativel y an d quanti -
tativel y instructe d subject s requeste d informatio n durin g 
collaborativ e proble m solvin g whic h wa s covere d b y th e 
instructiona l  uni t  o f  thei r  partners .  F ro m th e firs t  t o th e 
fourt h problem ,  th e qualitativel y instructe d subject s gradu -
all y m a d e fewe r  request s fo r  quantitativ e information .  Th e 
number  o f  request s fo r  qualitativ e information ,  i n contrast , 
raise d fro m th e firs t  t o th e fourt h problem . 

indicat e a  shif t  fro m a  continuou s emphasi s o n quantitativ e 
aspect s i n th e firs t  proble m t o a n initia l  emphasi s o n qualita -
tiv e aspect s followe d b y a n emphasi s o n quantitativ e aspect s 
i n th e fourt h problem . 

Tabl e 4 :  Frequencie s o f  statement s whic h 
addresse d qualitativ e o r  quantitativ e aspect s 

i n th e firs t  an d secon d hal f  o f  th e 
categorize d statement s 

Problem 

Tabl e 2 ;  Frequencie s o f  request s 
fo r  informatio n 

Proble m 

Instructio n 

receive d 
1 

Qualitativ e 3 3 1 6 1 2 

Quantitative 4 8 10 

H o w ofte n qualitativ e aspects ,  quantitativ e aspects ,  o r 
interrelation s betwee n bot h aspect s wer e addresse d i n th e 
subjects '  statement s i s show n i n Tabl e 3 .  Th e numbe r  o f 
statement s whic h addres s qualitativ e aspect s an d interrela -
tion s betwee n qualitativ e an d quantitativ e aspect s clearl y 
increase d fro m th e firs t  t o th e fourt h proble m wit h respec t  t o 
th e qualitativel y instructe d subject s a s wel l  a s wit h respec t  t o 
th e quantitativel y instructe d subjects .  I n contrast ,  th e numbe r 
of  statement s whic h addres s quantitativ e aspect s sharpl y 
decrease d fro m th e firs t  t o th e fourt h proble m i n bot h groups . 

Tabl e 3 :  Frequencie s o f  statement s whic h addresse d 
qualitative ,  quantitative ,  o r  interrelation s betwee n 

qualitativ e an d quantitativ e aspect s 

Instructio n 

receive d 

Quali -

tativ e 

Proble m 

1 4 

Statement s 

Quanti -

tativ e 

Proble m 

1 4 

Inter -

relatio n 

Proble m 

1 4 

Qualitativ e 2 1 3 6 6 3 4 1 3  1 4 

Quantitative 8 29 76 28 7 10 

Finally ,  th e numbe r  o f  statement s addressin g qualitativ e o r 
quantitativ e aspect s i n th e firs t  an d secon d hal f  o f  th e catego -
rize d statement s i s presente d i n Tabl e 4 .  T h e frequencie s 

X X  X X  :r .  X 
Statement s _ :  (s i  ^  ( s _  <> i 

Qualitativ e 

Quantitativ e 

13 

76 

16 

63 

33 

37 

45 

33 

52 

24 

13 

45 

D i s c u s s i o n 

The experimental study described above yielded three main 
findings.  T h e first finding  i s tha t  student s wit h initiall y  dif -
feren t  bu t  complementar y domai n representation s lear n t o 
appropriatel y interrelat e thei r  representation s durin g collabo -
rativ e proble m solvin g w h e n th e student s ar e confronte d 
wit h problem s whic h requir e suc h a n interrelation .  Becaus e 
th e initiall y  differen t  domai n representation s deman d tha t 
eac h studen t  contribute s t o th e solutio n o f  a  problem ,  stu -
dent s ar e give n variou s opportunitie s t o lear n fro m eac h 
othe r  an d migh t  b e encourage d t o construc t  ne w relation s 
whic h bridg e th e differen t  representation s (se e Schwartz , 
1995) . 

Th e secon d finding  i s tha t  collaborativ e proble m solvin g 
on th e basi s o f  differen t  bu t  complementar y domai n repre -
sentation s support s no t  onl y th e acquisitio n o f  knowledg e 
structure s i n whic h differen t  aspect s o f  a n applicatio n 
domai n ar e appropriatel y interrelate d (se e Slavin ,  1995 )  bu t 
als o th e acquisitio n o f  contro l  knowledge .  Durin g collabora -
tiv e proble m solving ,  student s graduall y shifte d thei r  focu s 
fro m exclusivel y quantitativ e proble m representation s t o 
appropriat e sequence s o f  qualitativ e an d quantitativ e prob -
le m representations .  However ,  w e ar e full y  awar e tha t  th e 
result s o f  ou r  protoco l  analysi s ar e o f  rathe r  preliminar y 
nature . 

Th e thir d finding  i s tha t  durin g collaborativ e proble m solv -
ing ,  qualitativel y instructe d subject s gaine d mor e fro m thei r 
quantitativel y instructe d partner s tha n th e othe r  wa y round . 
I n accor d wit h researc h o n difference s betwee n novice s an d 
experts ,  thi s finding  indicate s tha t  qualitativ e proble m repre -
sentation s for m no t  onl y a  goo d startin g poin t  fo r  th e subse -
quen t  constructio n o f  quantitativ e proble m representation s 
but  als o a  beneficia l  startin g poin t  fo r  learnin g quantitativ e 
proble m representations . 
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