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Toky o 15 0 Japa n 
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Abstrac t 

Thi s pape r  claim s that ,  contrar y t o th e "Theory -
oriented "  approac h t o cognitiv e developmen t  an d in -
struction ,  children' s informa l  concept s pla y importan t 
role s i n learning ,  an d report s tw o case s tha t  suppor t  th e 
constructivis t  vie w o f  learning .  I t  i s  widel y believe d tha t 
children' s knowledg e abou t  variou s domain s i s organize d 
int o coheren t  systems ,  i.e. ,  theories .  Althoug h thi s ap -
proac h provide s a  ne w perspectiv e o n knowledg e organi -
zation ,  to o muc h emphasi s o n th e conceptua l  differenc e 
makes th e interactio n o f  prio r  knowledg e an d learnin g 
material s impossible .  Withou t  th e interaction ,  learne d 
rule s remaine d uninterpreted .  Consequentl y the y ca n b e 
applie d onl y t o a  restricte d se t  o f  problems .  A  cas e fro m 
mathematic s revejJe d tha t  students '  informa l  concep t  o f 
concentratio n ca n b e bridge d t o th e forma d one ,  b y re -
wordin g quantitativ e term s i n problem s wit h quzditativ e 
terms .  A  cas e fro m physic s showe d tha t  b y combinin g 
fragmentJir y understandings ,  student s coul d acquir e th e 
concep t  o f  forc e decompositio n whic h i s difficul t  t o lear n 
by forma l  instruction .  Finally ,  instructiona l  technique s 
ar e propose d tha t  mak e us e o f  informa l  concept s a s a 
partia l  bas e analo g t o enric h students '  understanding . 

Introduction 

Recen t  studie s o n cognitiv e developmen t  hav e reveale d 
tha t  eve n youn g childre n hav e a  grea t  dea l  o f  knowl -
edg e i n variou s domain s suc h a s physics ,  biology ,  math -
ematics ,  psychology ,  etc .  Thi s finding  lead s no t  a  fe w 
researcher s t o clai m tha t  children' s knowledg e o f  th e do -
mai n i s no t  merel y a n incomplet e versio n o f  th e adults ' 
one ,  bu t  tha t  i t  i s  organize d int o a  coheren t  system , 
"Theory. " 

W h at  doe s i t  mea n b y theories ? Wellma n an d Gelma n 
(1992 )  suggeste d tha t  theorie s involv e th e distinctiv e on -
tology ,  causa l  mechanism ,  an d coherence .  A n observe d 
phenomeno n i s  reduce d t o presuppose d entitie s b y th e 
ontolog y o f  th e theory ,  whil e th e behavior s o f  thes e enti -
tie s ar e explaine d o r  predicte d b y th e causa l  mechanis m 
of  th e theory . 

S o me researcher s clai m tha t  childre n hav e thei r  ow n 
theorie s tha t  ar e fundamentall y differen t  fro m adults ' 
ones .  Semina l  wor k b y Care y gav e evidenc e tha t  chil -
dren' s theor y o f  biolog y i s  organize d b y th e naiv e psy -
cholog y (Carey ,  1985) .  Tha t  is ,  peopl e ar e a  prototyp e 
of  livin g thing s an d an y biologica l  judgment s ar e m a d e 
i n term s o f  th e similarit y t o th e prototype . 

Th e proble m her e i s ho w th e conceptua l  chang e occurs , 
th e shif t  fro m on e theor y t o another .  Unfortunatel y fe w 

researcher s hav e m a d e i t  clear .  On e o f  th e reaso n i s tha t 
th e conceptua l  chang e i s logicall y ver y difficult .  Strictl y 
speaking ,  tw o differen t  theorie s ar e incommensurabl e i n 
th e sens e tha t  certai n term s i n on e theor y d o no t  corre -
spon d t o an y term s i n another . 

Cases showin g incomensurabilit y can  b e foun d abun -
dantl y i n th e histor y o f  science .  B y comparin g th e mod -
er n therma l  dynamic s wit h th e precedin g one ,  Wise r  an d 
Care y (1983 )  showe d tha t  scientist s i n th e 17t h centur y 
presume d th e existenc e o f  hot/col d particle s whic h hav e 
no correspondent s i n th e moder n theor y an d explaine d 
therma l  equilibriu m i n term s o f  th e emissio n o f  thes e 
particles .  Furthermore ,  counter-evidenc e i s no t  effectiv e 
fo r  th e theor y change .  Counter-evidenc e i s  sometime s 
resolve d b y addin g ne w element s t o th e existin g theory . 
For  example ,  th e fac t  tha t  burne d object s becom e heav -
ie r  appear s t o b e counter-evidenc e fo r  th e "phlogiston " 
theor y o f  combustion .  However ,  scientist s a t  thi s ag e 
though t  tha t  phlogisto n ha d "lightness. "  Sinc e phlogis -
to n wa s suppose d t o b e consume d durin g th e combus -
tion ,  lightnes s lost .  Tha t  wa s ho w th e scientist s ex -
plaine d wh y burne d object s becom e heavie r  afte r  th e 
combustion . 

I f  th e sam e wer e tru e fo r  th e conceptua l  chang e i n 
students ,  i t  woul d follo w tha t  student s canno t  acquir e a 
ne w theory .  Actually ,  i n som e domains ,  concept s suc h 
as force ,  natura l  selection ,  heat ,  etc. ,  hav e bee n foun d t o 
be quit e difficul t  t o learn .  Ch i  (1993 )  claime d tha t  thes e 
ar e member s o f  th e "acausa l  interaction "  categor y i n th e 
ontologica l  tree .  Thi s categor y involve s man y character -
istic s tha t  distinguis h itsel f  fro m th e others .  Member s 
of  thi s categor y d o no t  hav e an y causes ,  th e beginning , 
nor  th e en d an d procee d accordin g t o constrainin g re -
lation s amon g thei r  components .  Thes e characteristic s 
make th e understandin g o f  thi s categor y quit e difficult . 

Chi  furthe r  claime d tha t  th e mai n sourc e o f  th e misun -
derstandin g lie s i n th e fac t  tha t  peopl e tr y t o assimilat e 
thes e concept s t o categorie s familia r  t o them .  Mos t  o f 
th e misunderstanding s i n physic s ar e cause d b y makin g 
forc e belon g t o th e matte r  category .  Fo r  example ,  naiv e 
peopl e hol d tha t  forc e i s a  kin d o f  impetu s an d ca n b e 
use d up .  Thi s vie w lead s the m t o thin k tha t  motio n 
i s initiate d b y agent' s givin g force ,  tha t  forc e decrease s 
becaus e i t  i s  consume d durin g motion ,  an d tha t  motio n 
end s whe n forc e i s use d up . 

Th e implicatio n o f  Chi' s clai m fo r  th e instructio n i s t o 
teac h th e existenc e an d characteristic s o f  th e ne w cate -
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Figur e 1 :  Th e relationshi p betwee n forma l  an d informa l  concepts .  Th e dotte d circl e represent s a  se t  o f  problem s t o 
whic h a  forma l  concep t  ca n potentiall y  b e applied .  Th e blac k circl e represent s a  se t  o f  problem s t o whic h a  forma l 
concep t  a t  th e earl y stag e o f  learnin g ca n actuall y b e applied .  Th e shadowe d circl e represent s a  se t  o f  problem s t o 
whic h a n informa l  concep t  ca n b e applied . 

gory ,  an d t o preven t  the m fro m bein g relate d t o others , 
at  least ,  a t  th e earl y stag e o f  learning . 

Problems of Variable Interpretation 

Some sorts of theory-like knowledge should be necessary 
t o tak e int o accoun t  th e earl y competenc e an d difficul -
tie s i n learning .  However ,  th e radica l  theory-oriente d 
approac h lead s u s t o th e proble m o f  incommensurabil -
ity . 

Furthermore ,  i t  i s  highl y dubiou s tha t  on e ca n kee p in -
forma l  concept s ou t  i n forma l  instruction ,  fo r  th e follow -
in g reason .  W h e n learnin g forma l  rules ,  learner s ar e ex -
pecte d no t  onl y t o memoriz e the m bu t  als o t o appl y the m 
t o ne w situations .  I n orde r  t o d o this ,  i t  i s  necessar y fo r 
the m t o interpre t  variable s i n th e rule .  I n othe r  words , 
learner s shoul d specif y wha t  a  variabl e refer s t o o r  wha t 
clas s a  variabl e represents .  W h e n applyin g a  rule ,  learn -
er s als o hav e t o interpre t  informatio n i n a  give n proble m 
and m a p i t  t o correspondin g variabl e i n th e rule .  Thus , 
interpretatio n i s a  ke y t o learnin g forma l  rules .  Inter -
pretatio n i s especiall y crucia l  i n learnin g physic s rules . 
Unlik e rule s i n logic ,  physic s rule s involv e variable s tha t 
must  b e interprete d a s specifi c  classe s o f  entitie s i n th e 
worl d (Suzuki ,  1994) . 

A prope r  interpretatio n o f  variable s require s ful l  un -
derstandin g o f  th e domain .  However ,  i t  i s  th e en d prod -
uct  o f  learning ,  no t  th e prerequisit e fo r  it .  Thus ,  learner s 
sometime s giv e u p th e interpretatio n o f  variables .  How -
ever ,  withou t  interpretation ,  variable s i n th e forma l  rul e 
ar e mer e "symbols "  i n th e sens e tha t  the y d o no t  hav e 
any referent s i n th e rea l  world .  I n consequence,  learn -
er s wh o d o no t  interpre t  variable s exhibi t  stron g contex t 
specificity .  The y ca n appl y th e rul e onl y t o a  ver y lim -
ite d se t  o f  problem s tha t  ar e sufficientl y simila r  t o thos e 
used i n th e practic e (diSessa ,  1983 ;  Reed ,  1993) .  Fo r 
example ,  mos t  student s ca n solv e a ? — b^ ,  whe n the y 
lear n a n algebrai c suc h a s x" ^  — y" ^  =  ( x -t -  y){ x — y) . 
However ,  mor e tha n hal f  o f  th e student s canno t  solv e 

4x ^  — y^ .  Eve n fewe r  student s ca n solv e x' ^  — y ^  •  Thi s 
indicate s tha t  student s interpre t  th e variabl e x  an d y 
i n th e origina l  formul a a s letter s an d th e exponen t  a s a 
mer e superscript . 

W h at  knowledg e i s responsibl e fo r  interpretatio n i f 
one doe s no t  hav e knowledg e o f  th e domai n t o b e 
learned ? O n e o f  th e knowledg e structure s fo r  interpre -
tatio n shoul d b e ou r  prio r  knowledg e o f  th e domai n tha t 
has bee n acquire d throug h everyda y experience . 

Informa l  concepts ,  i n contr2is t  t o forma l  ones ,  ar e 
"grounded, "  becaus e the y ar e originall y develope d t o 
deal  wit h rea l  worl d problems .  I n describin g p-prims , 
diSess a (1993 )  characterize d th e natur e o f  informa l  con -
cepts .  Accordin g t o hi s description ,  "the y ar e read y 
schemat a i n term s o f  whic h on e see s an d explain s th e 
world"  (pp .  112) . 

Figur e 1  illustrate s th e relationshi p betwee n informa l 
concepts ,  forma l  concepts ,  an d th e rea l  world .  Althoug h 
th e forma l  concep t  potentiall y  ha s wid e applicabilit y 
(th e dotte d circle) ,  i t  cover s onl y a  smal l  subse t  o f  th e 
rea l  worl d problem s (th e blac k circle )  a t  th e earl y pe -
rio d o f  learning .  I n contrast ,  th e informa l  concep t  ha s 
greate r  applicabilit y  compare d wit h th e forma l  counter -
par t  a t  th e initia l  stag e o f  learnin g (th e shadowe d cir -
cle) .  I f  th e forma l  concep t  i s relate d t o a  correspondin g 
informa l  concept ,  i t  acquire s greate r  applicabilit y  t o rea l 
worl d problems ,  becaus e i t  ca n mak e us e o f  th e interfac e 
of  informa l  concep t  t o th e rea l  world . 

Th e theory-oriente d approac h ha s anothe r  problem , 
th e statu s o f  informa l  concept s afte r  instruction .  I f  in -
structio n proceed s withou t  referrin g t o th e relate d in -
forma l  concepts ,  i t  follow s tha t  tw o kind s o f  concept s 
coexis t  i n learners '  knowledg e base .  I f  so ,  i t  i s  highl y 
likel y tha t  student s ar e a t  a  los s a s t o whic h concept s 
shoul d b e used .  T o mak e th e matter s worse ,  informa l 
knowledg e ha s bee n reinforce d repeatedly ,  becaus e i t  i s 
use d ver y ofte n an d give s approximatel y th e righ t  answe r 
i n m a n y occasion s (Hollan d e t  al. ,  1986) .  Consequently , 
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th e informa l  knowledg e i s  mor e likel y t o b e triggere d 
tha n th e forma l  ones .  Eve n whe n th e us e o f  th e informa l 
concept s i s  explicitl y  inhibited ,  student s d o no t  kno w 
why the y hav e t o us e th e forma l  concept s rathe r  tha n 
informa l  ones . 

Such learnin g i s fa r  fro m prope r  understandin g an d ap -
preciatio n o f  scientifi c  concepts .  Examinin g th e utilitie s 
of  theoretica l  construct s an d clarifyin g th e relationship s 
betwee n the m ar e crucia l  part s o f  scientifi c  activity . 

Utilizing Informal Concepts 

i n F o r m a l  I ns t r uc t i o n 

Th e discussio n abov e show s tha t  informa l  concept s d o 
and shoul d affec t  th e proces s o f  learnin g forma l  concepts , 
and tha t  relatin g forma l  an d informa l  concept s enable s 
learner s t o achiev e deepe r  understanding ,  an d prevent s 
the m fro m th e mechanica l  memorization . 

Actually ,  ther e ar e domain s tha t  childre n sponta -
neousl y us e thei r  informa l  concept s t o predic t  th e be -
havior s o f  unfamilia r  things .  Biolog y i s a  goo d exam -
pl e o f  it .  A  serie s o f  experiment s conducte d b y Inagak i 
and Hatan o showe d tha t  eve n youn g childre n ca n mak e 
use o f  prio r  knowledg e abou t  human s i n makin g predic -
tion s abou t  behavior s o f  othe r  livin g thing s (Inagak i  k 
Hatano ,  1987 ,  1991) .  Additionally ,  the y d o no t  us e th e 
prio r  knowledg e haphazardly .  Thei r  us e i s  constraine d 
by similarit y o f  a  livin g thin g i n questio n t o humans . 
Anothe r  sourc e o f  evidenc e come s fro m a  serie s o f  stud -
ie s b y Chen g an d he r  colleague s (Cheng ,  e t  al. ,  1986) .  I n 
thei r  previou s stud y (Chen g &  Holyoak ,  1985) ,  the y re -
veale d tha t  peopl e spontaneousl y acquir e a  schem a tha t 
i s functionall y equivalen t  t o th e rule s o f  conditiona l  rea -
sonin g whe n problem s involv e permissio n condition s o f 
someone' s action .  The y use d thi s schem a a s a  bas e ana -
lo g t o teac h th e logica l  conditiona l  an d gav e th e Wason' s 
selectio n task s a s a  posttest .  Th e resul t  i s  tha t  subjects ' 
performanc e dramaticall y improved . 

However ,  on e migh t  argu e tha t  thes e ar e exceptiona l 
cases .  I n othe r  domains ,  informa l  concept s canno t  b e 
use d directl y i n forma l  instruction .  Ther e ar e a t  leas t 
tw o case s tha t  shoul d b e distinguished .  Th e first  cas e i s 
tha t  althoug h learner s hav e relevan t  informa l  concepts , 
the y fai l  t o us e the m spontaneously .  Thi s wil l  b e dis -
cusse d i n th e nex t  sectio n b y analyzin g students '  infor -
mal  knowledg e o f  concentration .  Th e secon d ceis e i s tha t 
usefu l  informa l  concept s appea r  no t  t o b e available .  Thi s 
wil l  b e discusse d i n th e thir d section ,  b y investigatin g 
students '  knowledg e offere e decomposition . 

How to Activate Informal Knowledge: 

A Cas e fro m Mathemat ic s 

A consisten t  finding  i n researc h o n learnin g an d instruc -
tio n i s tha t  peopl e hav e considerabl e difficultie s i n mak -
in g us e o f  prio r  knowledg e i n situation s wher e i t  i s  rel -
evan t  (Gic k &  Holyoak ,  1980 ;  Reed ,  1993) .  I n othe r 
words ,  h u m a n knowledg e i s s o context-boun d tha t  i t 
canno t  b e use d i n difi"eren t  contexts . 

I  requeste d mor e tha n a  hundre d o f  sixt h grader s t o 
solv e th e followin g problem : 

W h en lOO g o f  5 0 % orang e juic e i s  mixe d wit h 
500 g o f  1 0 0 % orang e juice ,  wha t  i s  th e percentag e 
of  th e mixe d juice ? Estimat e th e percentage . 

30% to 40% of them added the two concentration val-
ues .  Moreover ,  abou t  8 0 % o f  th e answer s wer e highe r 
tha n th e pur e orang e juic e (100%) .  Accordin g t o th e re -
sults ,  the y appea r  no t  t o understan d non-additivit y o f 
intensiv e quantities . 

Th e result s see m t o b e i n lin e wit h Chi' s claim .  Sinc e 
concentratio n i s a  member  o f  intensiv e quantity ,  i t  mus t 

not  b e adde d eac h other .  However ,  student s a t  thi s ag e 
ar e s o familia r  wit h extensiv e quantitie s (weight ,  length , 
etc. )  tha t  the y ten d t o assimilat e concentratio n t o thi s 
typ e o f  quantity ,  thoug h concentratio n i s a  member  o f 
intensiv e quantity . 

However ,  a  posttes t  intervie w showe d tha t  i t  i s  no t 
alway s th e case .  Afte r  th e experiment ,  I  aske d on e stu -
dent  wh o ha d faile d o n th e abov e proble m whethe r  sh e 
coul d mak e pur e orang e juic e b y mixin g tw o can s o f  5 0 % 
orang e juice .  He r  answe r  wa s "absolutel y not. "  Thi s 
anecdot e suggest s tha t  the y migh t  understan d th e non -
additivit y principle ,  bu t  tha t  the y coul d no t  appl y th e 
principl e t o th e abov e problems . 

W hy coul d no t  the y us e it ? I t  i s  ofte n th e cas e tha t  tw o 
congruen t  knowledg e structure s originate d fro m differen t 
experience s hav e distinc t  view s fo r  th e world .  B y observ -
in g hi s daughter' s calculatio n o f  multidigi t  subtraction , 
Lawle r  (1981 )  foun d tha t  sh e ha d severa l  microviews . 
Each microvie w involve d a  distinc t  vie w fo r  problem s 
and encode d informatio n differently .  Fo r  example ,  th e 
money microvie w encode d 7 5 -| -  2 6 a s fou r  quarter s and 
a penny ,  whil e th e decada l  microvie w decompose d th e 
same problem s a s ten s an d ones . 

The sam e migh t  b e tru e fo r  students '  understandin g 
of  non-additivity ,  becaus e concentratio n i s  terme d dif -
ferentl y i n th e rea l  worl d an d classroom .  Fo r  example , 
i n everyda y life ,  concentratio n i s expresse d b y a  qualita -
tiv e term ,  suc h a s sweeter ,  les s sweet ,  salt y o r  les s salty . 
Concentratio n i s expresse d numericall y i n mathematics , 
on th e othe r  hand .  I f  i t  i s  true ,  th e everyda y concep t  o f 
concentratio n i s likel y t o b e triggere d whe n suc h quali -
tativ e term s ar e used ,  rathe r  tha n quantitativ e terms . 

I n orde r  t o tes t  thi s hypothesis ,  3 5 sixt h grader s 
wer e examine d i n th e followin g thre e condition s (Suzuki , 
1987) .  I n th e mathematica l  condition ,  student s wer e 
give n juic e mixin g problem s wher e concentration s wer e 
expresse d numerically .  Th e for m o f  th e proble m wa s a s 
follows :  "Whe n X g o f  x % juic e wa s mixe d wit h Y g o f  y % 
juice ,  estimat e th e concentratio n o f  th e resultan t  juice. " 
Answer s wer e judge d t o b e correc t  whe n thei r  estimate s 
wer e betwee n th e concentration s o f  tw o origina l  juices . 
Thi s conditio n wa s expecte d t o facilitat e quantitativ e en -
codin g o f  th e concentrations .  I n th e rea l  condition ,  rea l 
juice s wer e presented ,  bu t  th e problem s ha d th e sam e 
verba l  for m a s i n th e mathematica l  condition .  I n th e 
thir d condition ,  th e qualitativ e condition ,  th e problem s 
had th e followin g form :  W h e n ver y swee t  te a wit h X 
spoonful s o f  suga r  wa s mixe d wit h les s swee t  te a wit h Y 
spoonful s o f  sugar ,  di d th e mixe d te a ge t  sweeter ,  les s 
sweet  o r  th e sam e a s th e original ? Thi s conditio n wa s 
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Tabl e 1 :  Th e numbe r  o f  th e correc t  estimate s o n th e 
juice-mixin g problems .  Number s i n parenthese s repre -
sen t  th e proportions . 

Mat h 
Real 

Qualitativ e 

Equal 
(50%-l-50% ) 

9(25,7 ) 
17(48.6 ) 
33(94.3 ) 

Diffpren l 
( 5 0 % + 1 0 0 % 

13(37.1 ) 
20(57.1 ) 
26(74,3 ) 

expecte d t o encourag e student s t o represen t  concentra -
tion s qualitatively . 

T wo type s o f  problem s wer e used ,  E Q U A L an d DIF -
F E R E N T.  I n th e E Q U A L problems ,  tw o juice s whic h 
had th e sam e concentratio n value s wer e use d i n th e 
mathematica l  an d rea l  conditions .  I n th e qualitativ e 
condition ,  tw o cup s o f  te a wit h th e sam e spoonful s o f 
suga r  wer e used .  Whil e i n th e mathematica l  an d rea l 
condition s 5 0 % an d 1 0 0 % orang e juice s wer e use d a s 
D I F F E R E NT problems ,  tw o cup s o f  te a wit h differen t 
spoonful s suga r  wer e use d i n th e qualitativ e condition . 

Th e result s presente d i n Tabl e 1  clearl y sho w tha t 
sixt h grader s properl y understoo d th e non-additivit y 
principle .  W h e n th e for m o f  th e problem s wa s modifie d 
so a s t o trigge r  thei r  informa l  concept ,  th e proportio n 
of  th e correc t  estimate s dramaticall y increased .  Hence , 
thei r  difficultie s li e no t  i n th e lac k o f  understandin g bu t 
i n th e failur e o f  applyin g thei r  informa l  knowledg e t o 
problem s wit h th e mathematica l  form .  Thes e result s 
sho w tha t  th e informa l  concep t  o f  non-additivit y  is ,  a t 
least ,  functionall y equivalen t  t o th e forma l  counterpart s 
and indicat e tha t  informatio n tha t  ca n b e encode d i s 
differen t  betwee n th e two . 

I t  first  appear s tha t  student s assimilate d th e unfamil -
ia r  quantit y int o a  wron g category .  However ,  a  carefu l 
analysi s o f  th e encodin g mechanis m reveale d tha t  stu -
dent s hav e informa l  knowledg e functionall y equivalen t 
t o th e forma l  counterpart . 

Coordinating Fragments: 

A Cas e fro m Physic s 

However ,  on e migh t  stil l  argu e tha t  th e abov e exampl e 
i s a  luck y case ,  becaus e entitie s i n th e informa l  concep t 
of  concentratio n ca n b e translate d directl y t o th e forma l 
one.  I n othe r  domain s suc h a s physics ,  i t  i s  ofte n impos -
sibl e t o find  informa l  concept s tha t  ar e directl y mappe d 
t o th e forma l  counterparts . 

For  example ,  McCloske y an d hi s colleague s showe d 
tha t  peopl e sometime s predic t  th e movemen t  o f  a  fallin g 
bod y correctly ,  agains t  th e notoriou s straight-dow n be -
lie f  (McCloskey ,  e t  al. ,  1983) .  However ,  suc h a  predic -
tio n i s  mad e onl y whe n th e fallin g objec t  move d au -
tonomousl y befor e fallin g down .  I f  th e objec t  i s  carrie d 
by somethin g else ,  the y canno t  mak e th e correc t  predic -
tion .  Sinc e th e autonom y o f  th e movemen t  ha s nothin g 
t o d o wit h forma l  physics ,  i t  i s  impossibl e t o find  a  for -
mal  concep t  tha t  ca n b e mappe d t o th e informa l  one . 

Th e notio n o f  "distribute d encoding, "  propose d b y 

diSessa ,  i s  usefu l  t o dea l  wit h suc h a n incompatibilit y 
betwee n forma l  an d informa l  concept s (diSessa ,  1993) . 
He describe d tha t  a  physica l  la w wa s distribute d ove r 
many p-prim s whic h pla y som e role s i n understandin g 
and usin g th e law . 

Thi s mean s tha t  som e component s o f  a  physic s la w ar e 
share d b y on e informa l  concept ,  an d othe r  component s 
by othe r  concepts .  N o singl e informa l  concep t  corre -
spond s t o a  physic s law ,  bu t  coordinatin g thes e concept s 
coul d promot e proper  understandin g o f  physic s laws . 

Suzuk i  (1990 )  explore d thi s possibility .  I n hi s studies , 
student s wer e require d t o answe r  th e proble m show n i n 
Figur e 2(a) .  Thi s figure  illustrate s a  situatio n wher e tw o 
individual s ar e tryin g t o hol d a  10k g bag .  T h e questio n 
was ho w muc h forc e wa s require d fo r  a n individua l  t o 
kee p th e ba g held .  T o solv e thi s problem ,  on e mus t  de -
compos e th e downwar d vecto r  int o tw o alon g wit h th e 
strings .  On e wa y t o decompos e i t  i s t o construc t  a  par -
allelogra m whos e diagona l  lin e i s a  revers e vecto r  o f  th e 
downwar d on e (a s show n i n Figur e 2(b)) . 

Whil e thi s procedur e i s  rathe r  simple ,  i t  sometime s 
produce s incredibl e results .  W h e n th e angl e o f  tw o 
string s i s 12 0 degree ,  th e forc e require d fo r  a n individua l 
i s a s muc h a s th e downwar d force .  I t  mean s tha t  eac h 
individua l  ha s t o exer t  lOk g forc e t o kee p th e 10k g ba g 
held .  Th e reaso n i s  tha t  tw o m e n ar e pullin g agains t 
eac h othe r  a s wel l  a s holdin g th e bag .  I n othe r  words , 
horizonta l  vector s ar e involve d i n holdin g th e bag . 

A preliminar y stud y reveale d tha t  forc e decompositio n 
problem s wer e quit e difficul t  eve n fo r  universit y students . 
Mor e tha n 8 0 % o f  students '  estimate s wer e les s tha n 
10k g (mostly ,  6  t o 8kg) . 

To investigat e source s o f  thei r  difficulty ,  w e conducte d 
thre e instructiona l  experiments .  Th e first  experimen t 
examine d a  possibilit y  tha t  student s merel y forgo t  th e 
rul e o f  forc e decompositio n o r  the y coul d no t  realiz e th e 
applicabilit y  o f  th e forc e decompositio n rul e t o th e abov e 
problem .  Thus ,  w e explaine d th e notio n o f  forc e de -
compositio n an d taugh t  th e parallelogra m constructio n 
method ,  b y usin g a n exampl e problem .  Th e secon d ex -
perimen t  explore d a  possibilit y  tha t  students '  difficult y 
lie s i n thei r  ignoranc e o f  conceptua l  cispect s o f  forc e de -
composition ,  tha t  is ,  th e angl e dependency .  Thus ,  w e 
emphasize d tha t  th e amoun t  o f  th e horizonta l  forc e wa s 
dependen t  o n th e angl e alon g whic h th e downwar d forc e 
was decomposed ,  b y usin g multipl e examples .  I n th e 
thir d experiment ,  w e taugh t  subject s th e procedure s o f 
parallelogra m constructio n i n a  step-by-ste p wa y an d 
gav e thre e exampl e problem s t o facilitat e proceduraliza -
tio n o f  th e rule . 

However ,  non e o f  th e instructio n facilitat e subjects ' 
performance ,  a s show n i n Tabl e 2 .  The y usuall y ne -
glecte d th e existenc e o f  horizonta l  force s an d simpl y di -
vide d downwar d forc e b y th e numbe r  o f  holders ,  the n 
use d th e anchorin g strateg y t o adjus t  thei r  judgments . 

However ,  i t  i s no t  alway s th e case .  Anothe r  stud y re -
veale d tha t  student s coul d atten d t o th e horizonta l  force s 
when forc e decompositio n wa s instantiate d i n a  rope -
pullin g contes t  situation .  Mos t  o f  th e students '  answer s 
exceede d th e weigh t  o f  th e objec t  t o b e held . 
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(a ) (b ) 

Figur e 2 :  (a )  Th e proble m use d i n th e experiment .  Thi s figure  illustrate s tha t  tw o me n ar e tryin g t o kee p a  10k g 
ba g held ,  whos e tw o strap s construc t  a n angl e o f  15 0 degree .  Subject s wer e require d t o estimat e ho w muc h forc e i s 
require d fo r  a n individual ,  (b )  Th e figure  illustrate s th e parallelogra m constructio n metho d fo r  th e decompositio n 
of  force . 

Table 2: The results of the three instructional experiments. The first column represents subjects' estimates of the 
require d forc e (X )  fo r  a n individual . 

X <  5k g 
X =  5k g 

5k g <  X  <  10k g 
X >  10k g 

Exp .  1 
Remindin g 

4. 4 
14. 8 
58. 8 
22. 1 

Exp .  2 
Angl e Dependenc y 

14. 9 
12. 8 
51. 1 
21. 3 

Exp .  3 
Proceduralizatio n 

4. 3 
47. 8 
22. 8 
25. 0 

Thes e result s sho w tha t  peopl e hav e tw o schema s con -
cernin g forc e decomposition .  On e o f  them ,  th e collab -
oratio n schema ,  encode s vertica l  force s an d th e numbe r 
of  agent s (holders )  an d compute s require d forces ,  b y di -
vidin g th e forme r  b y th e latter .  Thi s schem a generate s 
estimat e o f  require d forc e tha t  i s les s tha n th e weigh t  o f 
th e objec t  bein g held .  Another ,  th e competitio n schema , 
mainl y encode s horizonta l  force s an d compute s relativel y 
greate r  amoun t  o f  forces . 

Th e result s als o indicat e a  possibilit y  tha t  informa l 
concept s ar e fragmentar y an d tha t  th e component s o f  th e 
forma l  concep t  o f  forc e decompositio n ar e distribute d i n 
tw o schemas .  I f  so ,  i t  i s  expecte d tha t  b y coordinatin g 
tw o schema s (fragments) ,  student s coul d realiz e th e ex -
istenc e o f  horizonta l  an d vertica l  force s an d understan d 
th e forma l  concep t  o f  forc e decomposition . 

I n orde r  t o enhanc e students '  coordinatio n o f  th e 
tw o schemas ,  w e explicitl y  mentione d th e presenc e o f 
tw o kind s o f  forces .  First ,  b y showin g a  figure  o f  a 
rope-pullin g situation ,  subject s wer e tol d tha t  horizonta l 
force s wer e presen t  becaus e tw o individual s wer e pullin g 
agains t  eac h other .  Next ,  subject s wer e aske d t o notic e 
th e fac t  tha t  th e thes e tw o wer e holdin g a  2k g object , 
and wer e tol d tha t  vertica l  forc e exist s becaus e o f  thei r 
holdin g th e object .  Finally ,  th e forc e decompositio n rule , 
th e parallelogra m constructio n method ,  wa s introduce d 
so tha t  tw o kind s o f  force s wer e composed . 

Th e result s showe d tha t  th e proportio n o f  th e cor -
rec t  estimate s wa s mor e tha n 5 0 % .  I n contrast ,  tha t 
of  th e contro l  grou p w h o ha d no t  bee n give n suc h in -
structio n wa s onl y 8% .  Thes e result s indicat e tha t  frag -

ment s o f  understandin g ca n b e organize d int o coheren t 
one b y providin g subject s wit h a  situatio n wher e bot h 
th e fragment s ar e involved .  Th e encodin g o f  th e forc e de -
compositio n rul e her e seem s t o b e distribute d acros s th e 
competitio n an d collaboratio n schema s (diSessa ,  1993) . 

Discussion 

Th e theory-oriente d approac h provide s a  ne w perspec -
tiv e fo r  th e stud y o f  learnin g an d cognitiv e development . 
I t  ha s reveale d tha t  children' s knowledg e constitute s a 
coheren t  syste m whic h provide s efficien t  constraint s i n 
learnin g i n informationall y problemati c environments . 

However ,  it s  instructiona l  application ,  especiall y whe n 
th e incommensurabilit y  i s  emphasized ,  i s no t  ver y muc h 
attractiv e an d i n a  sens e wrong .  I t  i s  no t  attractiv e 
becaus e thi s approac h explain s theor y chang e onl y i n 
term s o f  th e replacemen t  o f  a n ol d theor y wit h a  ne w 
one .  Thus ,  th e issu e o f  reorganizatio n o f  knowledg e re -
main s intact .  I t  i s  i n a  sens e wron g becaus e thi s approac h 
misse s wha t  i s share d betwee n forma l  an d informa l  con -
cepts .  I t  als o misse s th e role s tha t  informa l  concept s 
pla y i n understandin g an d applyin g forma l  ones . 

Th e result s o f  th e experiment s reveale d tha t  infor -
mal  concept s ca n b e buildin g block s fo r  understandin g 
and applyin g forma l  concepts .  Furthermore ,  i t  provide s 
usefu l  technique s fo r  teacher s t o teac h forma l  concepts , 
withou t  isolatin g them . 

Bridging informal concepts to formal ones 

Sometime s i t  i s  difficul t  fo r  student s t o us e thei r  informa l 
concept s i n classroo m proble m solvin g contexts .  I t  i s 
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becaus e th e encodin g function s ar e differen t  betwee n th e 
tw o type s o f  concepts . 

As show n i n th e experiment ,  th e informa l  knowledg e o f 
th e non-additivit y principl e articulate s th e worl d (|ual -
itatively .  I f  a  proble m involve d qualitativ e lerins ,  th e 
informa l  knowledg e wa s likel y t o b e triggere d an d gav e 
approximatel y th e righ t  answer .  However ,  whe n concen -
tratio n value s wer e presente d numerically ,  th e knowledg e 
was les s likel y t o b e activated . 

I n thi s case ,  teacher s ca n hel p student s b y translat -
in g quantitativ e term s t o qualitativ e ones .  Fo r  example , 
i t  migh t  b e helpfu l  t o tel l  student s tha t  1 0 0 % juic e i s 
thicke r  tha n 5 0 % juice .  Althoug h i t  i s les s likel y tha t  th e 
informa l  concep t  enable s student s t o inven t  th e prope r 
mathematica l  solution ,  i t  monitor s th e problem-solvin g 
processe s an d th e solutio n b y constrainin g th e possibl e 
combinatio n o f  mathematica l  operation s (Suzuki ,  1987) . 

More generally ,  educator s a s wel l  a s researcher s shoul d 
be ver y carefu l  i n analyzin g students '  errors .  Thei r  erro -
neou s answer s d o no t  alway s reflec t  lac k o f  understand -
ing .  Rather ,  thes e answer s ma y b e generate d b y a  sor t 
of  repai r  heuristic s triggere d whe n thei r  informa l  knowl -
edge ca n no t  encod e th e informatio n i n a  give n prob -
lem .  Knowledg e spontaneousl y acquire d throug h ev -
eryda y experienc e ofte n ha s diff"eren t  encodin g function s 
fro m thos e o f  forma l  concepts . 

Coordinating fragmentary understandings 

Informa l  concept s ar e sometime s fragmentary ,  an d com -
ponent s o f  a  forma l  concep t  ar e distribute d acros s differ -
ent  informa l  concepts .  A s show n i n th e experiment s o n 
forc e decomposition ,  th e collaboratio n schem a encode s 
th e vertica l  forc e an d divide s i t  b y th e numbe r  o f  agents . 
However ,  thi s schem a canno t  dea l  wit h horizonta l  forces . 
On th e othe r  hand ,  th e competitio n schem a encode s th e 
horizonta l  forces ,  bu t  canno t  encod e an d proces s th e ver -
tica l  force . 

I n thes e cases ,  i t  i s necessar y fo r  teacher s t o loo k fo r  o r 
devis e a  situatio n i n whic h fragmentar y understanding s 
ar e naturall y involved .  Then ,  the y ca n explai n whic h 
component s o f  th e informa l  knowledg e ar e relevan t  fo r 
whic h aspect s o f  th e situation ,  b y emphasizin g th e ex -
aminatio n o f  th e situatio n fro m multipl e perspectives . 

Thi s techniqu e ca n b e regarde d a s a n instructiona l 
applicatio n o f  diSessa' s "Knowledge-in-Peace "  theory . 
Whil e emphasizin g t o vie w a  situatio n fro m multipl e per -
spective s change s th e cuin g prioritie s o f  th e tw o schemas , 
presentin g th e forma l  concep t  i n term s o f  tw o schema s 
lead s it s distribute d encoding . 
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