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Li fe lon g scienc e learning :  A  longitudina l  cas e s tud y 

Marci a C .  Lin n 

Graduat e Schoo l  o f  Educatio n 
4611 Tolma n Hal l 

Universit y  o f  California ,  Berkele y 

Berkeley .  C A 94720-167 0 
m c l i n n @ v i o l e t . b e r k e l e y . e d u 

Abstract 

How do students link school and personal experiences to 
develo p a  usefii l  accoun t  o f  comple x scienc e topics ? Ca n 
scienc e course s provid e a  fir m foundatio n fo r  lifelon g 
scienc e learning ? T o answe r  thes e question s w e analyz e 
how "Pat "  integrate s an d differentiate s idea s an d develop s 
model s t o explai n complex ,  personally-relevan t 
experienc e wit h therma l  phenomena .  W e examin e Pat' s 
proces s o f  conceptua l  chang e durin g a n 8t h grad e scienc e 
clas s wher e a  hea t  flo w mode l  o f  therma l  event s i s 
introduce d a s wel l  a s afte r  studyin g biolog y i n nint h grad e 
and afte r  studyin g chemistr y i n th e 11t h grade .  Pa t 
regularl y link s ne w idea s fro m scienc e clas s an d persona l 
experienc e t o explai n topic s lik e insulatio n an d conductio n 
or  therma l  equilibrium .  Thu s Pa t  link s experienc e wit h 
home insulatio n t o experiment s usin g woo l  a s a n insulator . 
Thi s linkag e lead s Pa t  t o conside r  "ai r  pockets "  a s a  facto r 
i n insulatio n an d t o distinguis h insulator s (wit h ai r 
pockets )  fro m meta l  conductor s tha t  "attrac t  heat. "  Thes e 
linkage s hel p Pa t  construc t  a  hea t  flo w accoun t  o f  therma l 
event s an d connec t  i t  t o th e microscopi c mode l  introduce d 
i n chemistry .  Pat' s proces s o f  conceptua l  chang e 
demonstrate s ho w longitudina l  cas e studie s contribut e t o 
th e understandin g o f  conceptua l  development .  Futur e wor k 
wil l  synthesiz e th e conceptua l  chang e proces s o f  al l  4 0 
student s w e hav e studie d longitudinally . 

Introduction 

Theories of scientific conceptual change offer a wide range of 
conjecture s abou t  lifelon g learnin g (e.g. ,  Linn ,  Songer ,  & 
Eylon ,  i n press) .  Piage t  conducte d extensiv e cross-sectiona l 
studie s t o suppor t  hi s vie w tha t  student s develo p a  formal , 
abstrac t  reasonin g skil l  durin g adolescenc e an d us e i t  t o 
advanc e understandin g (e.g. ,  Inhelde r  &  Piaget ,  1958 ; 
Piaget ,  1952) .  Gagn 6 1968 )  studie d mathematica l  proble m 
solvin g t o suppor t  th e vie w tha t  learnin g fit s a  hierarchica l 
model  wher e student s maste r  component s befor e mor e 
comple x ideas .  Ausube l  (1963 )  describe d ho w student s 
buil d o n thei r  idea s an d reorganiz e thei r  thoughts .  Researc h 
showin g tha t  student s develo p intuitiv e idea s base d o n 
observation s o f  th e natura l  worl d motivate d McCIoske y 
(1983 )  an d other s t o hypothesiz e tha t  studen t  knowledg e 
developmen t  i n som e sens e recapitulate s historica l  advance . 
Centne r  an d Steven s (1983 )  discus s th e rol e o f  explanator y 
model s i n knowledg e acquisition .  diSess a (1993 )  amon g 
other s show s tha t  student s entertai n a  rang e o f  idea s a s the y 
activel y reformulat e idea s t o develo p matur e views .  Whit e 
and Frederikse n (1990 )  demonstrat e tha t  student s benefi t 
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from learning a series of models of complex phenomena and 
Thagar d (1992 )  analyze s h o w coherenc e influence s 
conceptua l  change . 

I n thi s pape r  w e examin e h o w th e studen t  "Pat " 
develop s understandin g o f  therma l  equilibriu m ove r  a  fiv e 
yea r  period .  Pa t  explain s a  rang e o f  familia r  event s suc h a s 
why meta l  an d woo d fee l  differen t  a t  roo m temperamre .  W e 
analyz e th e contributio n o f  clas s experiences ,  illustratin g 
h o w Pa t  incorporate s instructio n abou t  microscopi c an d 
macroscopi c model s o f  therma l  events .  Durin g eight h grad e 
Pat' s physica l  scienc e cours e relie s o n a  heat-flo w model . 
Durin g hig h schoo l  Pa t  studie s biologica l  processe s suc h a s 
diffusio n an d encounter s microscopi c model s o f  matte r  i n 
chemistry . 

To characteriz e conceptua l  chang e i n thes e 
longitudina l  interview s w e identif y explanation s an d model s 
of  therma l  event s a s wel l  a s integration s an d differentiation s 
of  scientifi c  ideas .  Fo r  thi s wor k w e defin e a  mode l  a s a n 
explanatio n o f  scientifi c  observation s involvin g a 
mechanism .  Fo r  exampl e Pa t  account s fo r  conductio n b y 
positin g tha t  "metal s attrac t  heat. "  Researc h suggest s tha t 
student s ofte n develo p multipl e explanation s o r  model s 
hnke d t o specifi c  context s rathe r  tha n seekin g abstrac t 
principle s tha t  transcen d contex t  (Linn ,  diSessa ,  Pe a & 
Songer ,  1994) .  W e describ e th e repertoir e o f  model s Pa t  use s 
i n varie d contexts . 

We examin e h o w Pa t  connect s idea s t o 
explanation s b y identifyin g differentiation s an d integrations . 
We defin e differentiatio n a s th e proces s o f  decomposin g a 
scientifi c  ide a int o tw o distinguishabl e scientifi c  idea s eac h 
connecte d t o a n explanation .  Weise r  &  Carey ,  (i n Centne r  & 
Stevens ,  1983) ,  describ e th e historica l  proces s resultin g i n 
th e differentiatio n o f  hea t  an d temperature .  Siegle r  (1976 ) 
demonstrate d tha t  student s strugglin g t o understan d th e 
balanc e bea m differentiate d case s base d o n observabl e 
feature s o f  th e situation .  Simila r  differentiation s occu r  a s 
student s struggl e t o understan d therma l  events .  Fo r  example , 
Lewi s (1991 )  report s tha t  man y student s decompos e 
object s int o conductor s (object s lik e aluminu m foi l  tha t  fee l 
col d i n a  2 5 C  room )  an d insulator s (object s lik e styrofoa m 
w r ^  tha t  fee l  neutra l  i n a  2 5 C  room )  i n th e contex t  o f 
selectin g a  materia l  t o wra p a  col d drin k t o kee p i t  cold . 
Ofte n students ,  base d o n experience ,  distinguis h heatin g 
(addin g heat )  from  coolin g (col d flow )  rathe r  tha n seein g 
thes e a s linke d (diSessa ,  1993) .  W e defin e integratio n a s th e 
proces s o f  combinin g tw o o r  mor e scientifi c  idea s int o a 
singl e concep t  connecte d t o a  singl e explanation .  Fo r 
example ,  Pa t  integrate s heatin g an d cooling ,  sayin g tha t  hea t 
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ca n flo w int o o r  ou t  o f  a n object .  Th e proces s o f  integratio n 
and differentiatio n i s comple x an d ofte n varie s b y context . 
We see k t o describ e Pat' s conceptua l  chang e i n term s o f 
model s an d explanation s an d i n term s o f  integratio n an d 
differentiatio n an d t o invit e discussio n o f  th e implications . 

Methods 

Pat  i s on e o f  4 0 longitudina l  participant s selecte d randoml y 
fro m th e mor e tha n 30 0 eight h grad e student s i n a  middl e 
schoo l  participatin g i n th e Compute r  a s Learnin g Partne r 
(CLP )  curriculu m durin g on e schoo l  year .  Pa t  make s averag e 
progres s i n eight h grade .  Whil e takin g physica l  science , 
eight h grad e student s wer e interviewe d fo r  3 0 minute s ever y 
thre e weeks .  I n th e s u m m e r  afte r  nint h an d 11t h grade , 
student s participate d i n 3  hou r  interview s i n thei r  forme r 
middl e schoo l  classroom .  Interview s wer e tape-recorde d an d 
transcribed .  Student s als o responde d t o classroo m tests , 
surveys ,  an d writte n assessments .  Th e school ,  locate d i n a 
metropolita n area ,  serve s middl e incom e familie s from 
divers e cultura l  an d linguisti c groups .  Followin g hig h 
schoo l  graduation ,  mos t  o f  th e student s pla n t o atten d a 
vocationa l  program ,  two-year ,  o r  fou r  yea r  college ;  a 
minorit y see k job s immediately . 

Al l  student s stud y th e C L P curriculu m i n a  one -
semeste r  physica l  scienc e course .  C L P emphasize s therma l 
phenomena ,  take s advantag e o f  rea l  lim e dat a collection ,  an d 
feature s a n electroni c laborator y noteboo k (Linn ,  1992 ; 
Linn ,  i n press ;  Ferguson ,  i n press) .  Th e classroo m i s 
equippe d wit h 1 6 networke d Macintos h computer s donate d 
by Appl e Computer ,  Inc .  Classe s o f  3 2 student s wor k i n 
group s o f  tw o a t  th e computers .  Student s us e th e C L P 
softwar e t o desig n experiments ,  predic t  outcomes ,  collec t 
dat a i n rea l  time ,  desig n simulations ,  displa y results ,  rec(xd 
observations ,  an d m a k e reports . 

Th e C L P curriculu m introduce s a  hea t  flo w mode l 
t o hel p student s m a k e sens e o f  thei r  experiences .  Fo r 
exampl e a  principl e relevan t  t o therma l  equilibriu m states , 
"I f  tw o object s tha t  diffe r  onl y i n initia l  temperatur e ar e 
place d i n a  coole r  surround ,  hea t  energ y wil l  flo w ou t  o f  th e 
objec t  wit h th e highe r  initia l  temperatur e mor e quickly. " 
Althoug h th e hea t  flo w principle s coul d for m th e basi s fo r 
studen t  respons e t o al l  th e intervie w questions ,  student s dra w 
on a  broade r  bas e o f  information .  Becaus e th e principle s ar e 
abstrac t  student s ofte n find  th e detail s o f  th e problem s 
salien t  an d dra w o n thes e t o for m explanations .  Thus ,  Pa t 
reflect s o n h o m e insulatio n an d develop s explanation s o f 
explanation s base d o n th e fibers,  th e ai r  betwee n th e fibers , 
or  th e hole s betwee n th e fibers. 

Lewi s (1991 )  create d th e intervie w question s an d 
studie d a n earUe r  cohor t  i n he r  dissertatio n research .  TTi e 
interview s include d question s abou t  therma l  phenomen a 
presente d i n th e contex t  o f  naturally-occurrin g problems . 
For  example ,  student s wer e asked ,  "I f  yo u wer e goin g t o 
wra p a  col d sod a t o tak e t o schoo l  fo r  lunch ,  wha t  i s th e bes t 
thin g t o wra p i t  in? "  o r  "Yo u arriv e a t  a  sk i  cabi n durin g th e 
winte r  an d n o hea t  wa s lef t  on .  Th e roo m thermomete r  reads 
5 degree s C .  W h a t  ca n yo u predic t  abou t  th e temperatur e o f 
th e object s i n th e cabin ? W h y ? "  Th e interviewe r  the n 
probed ,  askin g abou t  th e mai n reaso n fo r  th e answer , 
evidenc e t o suppor t  th e answer ,  reaction s t o usin g material s 

suc h a s woo l  o r  aluminu m foil ,  an d reflection s o n th e 
characte r  o f  th e answer .  Th e interviewe r  sough t  t o determin e 
students '  view s o f  insulatio n an d conduction ,  hea t  flow, 
therma l  equilibrium ,  a s wel l  a s hea t  an d temperature .  I f 
student s contradicte d themselve s fro m th e perspectiv e o f  th e 
interviewer ,  the y wer e aske d t o explai n h o w thei r  idea s wer e 
connected .  Fo r  example ,  durin g th e intervie w afte r  nint h 
grad e Pa t  responde d t o th e questio n abou t  th e bes t  thin g fo r 
wrappin g a  sod a a s follows : 

Pat :  Well ,  w e foun d ou t  las t  yea r  tha t  it' s  no t  aluminum . 
I t  woul d b e lik e plasti c wra p o r  bubbl e wra p I  thin k wa s th e 
best.. . 
Interviewe r  (I) :  An d wh y i s that ? .. . 
Pat :  S o whateve r  i s i n th e littl e meta l  particle s attrac t 
heat  an d s o the y would ,  th e hea t  energ y woul d kin d o f  b e 
sucke d o n t o th e ca n an d woul d g o int o th e sod a an d war m 
it . 
I :  Bu t  tha t  a  lo t  o f  peopl e d o wra p soda s i n foil .  ...Bu t 
i f  yo u wrappe d i t  i n yo u wer e sayin g plasti c wra p o r  bubbl e 
wrap ,  wha t  woul d b e differen t  abou t  that ? 

Pat :  Becaus e o f  th e ai r  pocket . 

I :  Wha t  woul d th e ai r  pocket s do ? 

Pat :  There' s somethin g wit h ho w th e ai r  i s  a n insulator . 
I f  yo u hav e lik e urn ,  let' s  sa y th e Styrofoa m wrap ,  that' s 
reall y porous .  S o the n th e ai r  kin d o f  hold s i n th e littl e 
hole s an d the n i t  insulate s agains t  hea t  energ y comin g in . 

T o analyz e Pat' s conceptua l  chang e th e author s 
eac h independend y identifie d integrations/differentiations , 
and explanations/model s use d b y th e student .  W e the n 
jointl y reviewe d th e interview s an d constructe d th e summar y 
i n Figure s 1  an d 2  t o repor t  th e cours e o f  knowledg e 
developmen t  i n tw o aspect s o f  therma l  equilibrium .  I n th e 
nex t  sectio n w e discus s th e model s Pa t  use s t o mak e sens e 
of  th e topi c an d sho w h o w thes e model s bot h hel p an d 
hinde r  progres s i n understandin g th e material . 

Results and Discussion 

Result s fal l  i n thre e categories .  First ,  w e describ e Pat' s 
integration s an d differentiations .  Second ,  w e analyz e th e 
model s Pa t  develop s t o connec t  experience s bot h i n schoo l 
and i n everyda y life .  Third ,  w e discus s h o w Pat' s model s 
incorporat e eight h grad e instructio n abou t  therma l  event s an d 
hig h schoo l  course s tha t  relat e t o thes e topic s bu t  d o no t 
addres s the m directly . 

Integrations and differentiations 

As show n i n Figure s 1  an d 2  Pa t  make s a  numbe r  o f 
integration s an d differentiation s t o sor t  ou t  aspect s o f 
therma l  equilibrium .  Fo r  example ,  i n th e are a o f  insulator s 
and conductors ,  prio r  t o instructio n Pa t  predicte d tha t  woo d 
and meta l  woul d behav e differentl y i n th e contex t  o f  a  roo m 
and a n oven .  Salien t  informatio n abou t  insulator s (mad e u p 
of  fibers,  hav e hole s lik e i n dierma l  blankeU )  lea d Pa t  t o 
emphasiz e a  clas s o f  insulator s tha t  rel y o n ai r  pocket s t o 
contribut e t o thei r  effectiveness .  Pa t  conttast s thes e wit h 
metal s an d develop s a n explanatio n fo r  conductin g base d o n 
metals  attractin g heat . 

T o mak e sens e o f  therma l  equilibrium ,  Pa t 
distinguishe s th e stead y stat e o f  equilibriu m from  th e 
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proces s o f  temperatur e chang e t o ge t  t o equilibrium .  Sinc e 
conductor s chang e toward s equilibriu m m u c h faste r  tha n 
insulator s Pa t  initiall y  predict s tha t  conductor s com e clos e 
t o equihbriu m wit h thei r  surrounding s bu t  tha t  insulator s 
remai n close r  t o thei r  startin g temperatur e o r  "roo m 
temperature "  whe n place d i n a n ove n o r  refrigerator . 
Eventuall y Pa t  connect s roo m temperatur e t o a  vie w o f 
"rooms "  a s havin g an y temperatur e saying ,  "A n ove n i s  lik e 
a room. "  I n late r  interview s Pa t  connect s an y environmen t 
t o th e ide a o f  a  roo m an d p-edict s tha t  insulator s an d 
conductor s wil l  bot h reac h th e temperatur e o f  an y "room. " 
Thi s result s i n tw o integrations :  on e involvin g conductor s 
and insulator s an d anothe r  involvin g w a r m an d col d rooms . 

Pat  struggle s t o explai n w h y som e object s fee l 
colde r  tha n other s i n a  roo m a t  therma l  equilibrium .  I n earl y 
interviews ,  Pa t  take s th e rat e o f  conductio n betwee n th e han d 
and th e objec t  a s a n indicato r  o f  th e temperatur e o f  th e objec t 
(se e Figur e 2) .  I n late r  interviews ,  Pa t  integrate s conductio n 
wit h th e "feel "  o f  th e object ,  add s th e ide a tha t  th e han d ha s a 
temperatur e o f  it s o w n ,  an d explain s th e fee l  o f  object s o n 
th e basi s o f  temperatur e differenc e an d rat e o f  conduction . 

Therma l  equilibriu m als o involve s realizin g tha t 
heatin g an d coolin g ar e th e sam e proces s i n differen t 
directions .  Natura l  scientist s describ e hea t  a s flowin g whe n 
ther e i s a  temperatur e difference .  Pa t  generall y employ s a 
notio n o f  hea t  flo w startin g a t  abou t  th e fourt h interview .  I n 
th e intervie w jus t  prio r  t o tent h grade ,  however ,  Pa t  als o 
discusse s a  col d flow  mode l  a s show n i n thi s segment : 

Pat :  OK .  Th e meta l  woul d kin d of ,  lik e aluminu m foil , 
woul d kin d o f  pul l  th e col d ou t  o f  th e sod a int o th e ai r 
becaus e um ,  i t  move d t o the .  Th e col d like ,  i t  jus t  move d 
right  ou t  ont o th e meta l  becaus e meta l  i s  th e conducto r  an d 
the n i t  woul d b e release d int o th e air .  I  forge t  i f  i t  happene d 
tha t  wa y o r  i f  th e hea t  i n th e air ,  lik e th e meta l  pulle d th e 
heat  i n fro m th e ai r  int o th e soda .  I  forge t  i f  th e col d lef t  o r 
i f  th e hea t  cam e in ,  bu t  it' s  probabl y both . 
I :  Doe s tha t  mak e sens e tha t  ther e coul d b e both ? 
[Reflectio n question ] 
Pat :  Yeah ,  i t  make s sense . 
I :  S o col d coul d g o ou t  an d hea t  coul d com e in . 
Pat :  Bu t  i t  coul d als o b e jus t  one .  Th e hea t  coul d com e i  n 
or  th e hea t  woul d leav e dependin g o n whethe r  i t  wa s ho t  o r 
cold . 
I :  Whic h sor t  o f  make s mor e sens e t o you ? O r  doe s it ? 
Pat :  I  reall y neve r  kin d o f  understoo d whethe r  ther e wa s 
bot h o r  not . 

Pat  als o differentiate s hea t  flow  i n solid s an d gasse s 
(ai r  especially) .  I n late r  interview s Pa t  begin s t o lin k al l 
thes e idea s i n a  hea t  flow  mode l  an d t o distinguis h material s 
on th e basi s o f  h o w fas t  hea t  flows  throug h them . 

Models 

Pat's thermal models illustrate the course of scientific 
knowledg e developmen t  a s wel l  a s th e rol e o f  persona l  an d 
schoo l  experience .  Pa t  start s wit h n o mode l  fo r  therma l 
equilibriu m bu t  soo n appropriate s a  mode l  o f  metal s 
attractin g hea t  t o explai n w h y metal s coo l  faste r  tha n woo d 
and a  separat e mode l  fo r  insulatio n ("ai r  pocket s m a k e hea t 
energ y no t  go") .  Pa t  als o posit s a  rol e fo r  air ,  expresse d a s 
metal s "pullin g th e hea t  i n fro m th e air. "  Pa t  describe s 

insulator s a s porou s an d abl e t o contai n air ,  saying ,  "th e ai r 
kin d o f  flows  i n th e littl e hole s an d the n i t  insulate s agains t 
heat  energ y comin g in. "  Finally ,  Pa t  integrate s a  vie w o f  al l 
thing s bein g a t  roo m temperatur e wit h th e proces s o f 
insulatio n an d conduction ,  an d connect s al l  thes e idea s t o th e 
notio n o f  hea t  flow  emphasize d i n clas s instruction . 

T o explai n everyda y experience s Pa t  als o employ s 
th e hea t  flow  model .  Fo r  example ,  t o explai n w h y metal s 
and potter y behav e differentl y Pa t  bring s i n experienc e wit h 
terr a cott a bu n warmers ,  saying ,  "  yo u pu t  the m i n you r 
brea d baske t  t o kee p th e roll s warm.... I  thin k thos e ar e 
potter y an d no t  meta l  becaus e I  thin k onc e yo u tak e th e 
meta l  ou t  th e hea t  wil l  jus t  go....I t  wouldn' t  fee l  a s ho t  a s 
th e meta l  bu t  i t  woul d hol d th e hea t  longer ,  i t  wouldn' t 
dissipat e a s fast. " 

Model s hel p Pa t  synthesiz e materia l  an d kee p trac k 
of  comple x informatio n bu t  the y als o direc t  attentio n t o 
idea s an d topic s tha t  migh t  b e periphera l  o r  idiosyncratic . 
For  example ,  th e hole s i n material s mode l  motivate s Pa t  t o 
focu s o n hole s t o th e exclusio n o f  th e materia l  tha t  create s 
th e holes .  Pa t  make s bot h productiv e combination s an d 
unproductiv e linkages . 

Lifelong learning 

Do Pat' s model s hel p o r  hinde r  late r  learning ? Pa t  adopt s th e 
heat  flow  mode l  t o explai n mos t  situation s b y th e en d o f 
eight h grad e an d finds  m a n y connection s t o th e mode l  i n 
hig h schoo l  biolog y an d chemistr y a s wel l  a s i n everyda y 
examples .  Fo r  example ,  afte r  studyin g biolog y Pa t 
integrate s th e concep t  o f  diffusio n wit h hea t  flow, 
connectin g tw o macroscopi c view s tha t  hav e usefu l 
similarities .  Afte r  chemistr y Pa t  attempt s t o integrat e a 
microscopi c mode l  o f  hea t  transfe r  wit h th e hea t  flow  mode l 
and make s som e productiv e connections .  Fo r  example ,  Pa t 
say s t o explai n therma l  equilibrium ,  "...thes e ar e lik e hea t 
energ y wave s transferrin g an d s o eve n s o yo u wan t  a n 
equilibriu m an d energy ,  bu t  it s  differen t  fro m sayin g yo u 
want  you r  carbo n atom s t o b e balanced. "  Ther e remai n 
limit s t o integration ,  however .  Distinguishin g mechanism s 
fo r  insulatio n an d conductio n pose s problem s fo r  th e hea t 
flow  model .  I n 10t h grad e Pa t  entertain s a  substanc e mode l 
of  heat ,  sayin g " I  wan t  hea t  energ y t o b e a  particle "  bu t 
canno t  fin d a  wa y t o connec t  thi s idea .  I n 12t h grad e Pa t 
makes mor e connection s betwee n a  microscopi c an d 
macroscopi c mode l  bu t  eventuall y concludes ,  " I  gues s the y 
ar e th e sam e bu t  the y jus t  see m different. "  Eventuall y Pa t 
distinguishe s substanc e o f  materia l  fro m constraint s o n 
flow. 

Conclusions 

Thi s cas e stud y demonstrate s ho w student s integrat e an d 
differentiat e therma l  idea s an d illustrate s h o w a  qualitativ e 
and macroscopi c mode l  lik e hea t  flow  ca n for m a  firm 
foundatio n fo r  subsequen t  instruction .  Pa t  take s seriousl y 
th e challeng e t o integrat e scientifi c  idea s acros s contexts , 
attemptin g t o reconcil e multipl e model s an d divers e 
interpretation s o f  everyda y events .  Pa t  connect s idea s t o th e 
heat  flow  mode l  i n middl e schoo l  an d continue s t o refin e 
thes e idea s an d develo p a  microscopi c mode l  i n hig h school . 
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Thi s cas e stud y o f  knowledg e integratio n an d 
differentiatio n i s consisten t  wit h a  vie w o f  th e learne r  a s 
constructin g understandin g b y buildin g o n an d refinin g 
existin g idea s a s suggeste d b y diSess a (1993 )  ,  Whit e 
(1990 )  ,  an d others .  Siegler' s (1976 )  stud y o f  studen t 
understandin g o f  balanc e bea m problem s illustrate s th e 
proces s o f  differentiatio n an d integratio n elaborate d i n thi s 
cas e study .  Wherea s Siegle r  postulate d tha t  student s 
"muddle d through "  comple x integration s o f  ideas ,  thi s cas e 
suggest s tha t  integration s usuall y mak e sens e fro m th e 
perspectiv e o f  th e learner .  Th e cas e illustrate s th e valu e o f 
askin g student s t o explai n thei r  idea s bot h i n clas s an d i n 
interview s compatibl e wit h researc h o n sel f  explanation s 
(Ch i  &  Bassok ,  1989 ;  Bielaczyc ,  PiroUi ,  &  Brown ,  1995) . 
By attemptin g t o explai n comple x event s Pa t  ofte n come s 
up wit h mor e powerfu l  model s o r  connect s divers e ideas . 
And ,  Pa t  gain s insigh t  int o scienc e learning ,  remarkin g i n 
twelt h grade ,  "memoriz e i f  yo u understan d science. " 

Thi s stud y suggest s th e benefi t  o f  instructio n tha t 
provide s a  supportiv e learnin g environmen t  a s wel l  a s 
opportunitie s fo r  persona l  autonom y a s suggeste d b y 
Collins ,  Brown ,  an d Ho lu m (1991) .  Student s w h o struggl e 
t o mak e sens e o f  thei r  clas s an d persona l  experience s develo p 
valuabl e skill s  a s wel l  a s a  perspectiv e o n th e natur e o f 
scientifi c  reasoning .  Instructio n tha t  include s metacognitiv e 
informatio n abou t  way s tha t  scientifi c  idea s develo p an d 
method s fo r  matchin g scientifi c  idea s t o ne w problem s wil l 
hel p student s continu e t o lear n afte r  the y finis h thei r  classes . 
Developin g th e propensit y fo r  reflectio n an d self-explanatio n 
seems productiv e give n tha t  student s ar e likel y t o follo w 
idiosyncrati c paths .  And ,  selectin g model s fo r  scienc e 
course s suc h a s th e hea t  flo w mode l  tha t  student s ca n 
connec t  t o thei r  experience s als o wil l  hel p student s becom e 
lifelon g learners . 
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