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ThinkerTools :  Enablin g Childre n 
t o Understan d Physica l  Law s 

Barbara Y. White and Paul Horwitz 

BBN Laboratories 

Abstrac t 

Thi s project ^  i s developin g a n approac h t o scienc e educatio n tha t  enable s 
sixt h grader s t o lear n principle s underlyin g Newtonia n mechanics ,  an d t o 
appl y the m i n unfamilia r  proble m solvin g contexts .  Th e students '  learnin g i s 

centere d aroun d proble m solvin g an d experimentatio n withi n a  se t  o f 
compute r  microworld s (i.e. ,  interactiv e simulations) .  Th e objectiv e i s fo r 
student s t o graduall y acquir e a n increasingl y sophisticate d causa l  mode l  fo r 
reasonin g abou t  ho w force s affec t  th e motio n o f  objects .  T o facilitat e th e 
evolutio n o f  suc h a  menta l  model ,  th e microworld s incorporat e a  variet y o f 
linke d alternativ e representation s fo r  forc e an d motion ,  an d a  se t  o f  game -
lik e proble m solvin g activitie s designe d t o focu s th e students '  inductiv e 
learnin g processes .  A s par t  o f  th e pedagogica l  approach ,  student s formaliz e 
what  the y lear n int o a  se t  o f  laws ,  an d criticall y examin e thes e laws ,  usin g 

criteri a suc h a s correctness ,  generality ,  an d parsimony .  The y the n g o o n t o 
appl y thei r  law s t o a  variet y o f  rea l  worl d problems .  Th e ide a i s t o 
synthesiz e th e learnin g o f  th e subjec t  matte r  wit h learnin g abou t  th e natur e 
of  scientifi c  knowledg e — it s form ,  it s evolution ,  an d it s application . 
Instructiona l  trial s foun d tha t  th e curriculu m i s equall y effectiv e fo r  male s 
and females ,  an d fo r  student s o f  differen t  abilit y  levels .  Further ,  sixt h 

grader s taugh t  wit h thi s approac h d o bette r  o n classi c forc e an d motio n 
problem s tha n hig h schoo l  student s taugh t  usin g traditiona l  methods . 

1 Introductio n 

Research has demonstrated that students can succeed in high school and even 

colleg e physic s courses ,  whil e stil l  maintainin g man y o f  thei r  misconception s an d 

withou t  acquirin g a n understandin g th e physica l  principle s addresse d i n th e cours e 

(Caramazz a e t  al .  (1981) ,  Clemen t  (1982) ,  diSess a (1988) ,  Larki n e t  al .  (1980) , 

McDermot t  (1984) ,  Trowbridg e &  McDermot t  (1981) .  Vienno t  (1979) ,  Whit e (1983) .  an d 

many others) .  Fo r  example ,  the y mak e incorrec t  prediction s abou t  wha t  wil l  happe n t o 

th e motio n o f  a  bal l  whe n i t  emerge s fro m passin g throug h a  spira l  tub e (McClosk y e t 

al. ,  (1980)) .  Suc h question s d o no t  cal l  fo r  computatio n o r  th e algebrai c manipulatio n 

of  formulas ;  rather ,  the y requir e understandin g th e implication s o f  th e fundamenta l 

Thi s researc h wa s sponsore d b y th e Nationa l  Scienc e Foundation ,  unde r  awar d number 
DPE-840028 e wit h th e Directorat e fo r  Scienc e an d Engineerin g Education . 

336 



tenet s o f  Newtonia n mechanics .  Students '  failur e t o correctl y answe r  suc h question s 

reveal s a  deficienc y i n thei r  knowledg e o f  th e causa l  principle s tha t  underl y th e 

formula s the y hav e bee n taught . 

We believe that students need, at an early age, experiences that will enable them 

t o acquir e accurat e causa l  model s (Bobro w (Ed. )  (1985) ,  Centne r  &  Steven s (Eds. ) 

(1983) ,  Whit e &  Frederikse n (1986(a) )  &  (1986(b)) )  fo r  ho w force s affec t  th e motion s o f 

objects .  Thi s wil l  inhibi t  th e developmen t  o f  misconception s an d foste r  th e typ e o f 

understandin g tha t  olde r  student s appea r  t o lack .  I n contras t  t o ou r  view ,  man y 

cognitiv e an d educationa l  theorist s believ e tha t  attempt s t o teac h childre n physic s wil l 

inevitabl y fai l  (see .  fo r  example ,  Shafe r  &  Ade y (1981)) .  The y argu e tha t 

understandin g physica l  principle s require s forma l  operationa l  thinkin g (Piage t  & 

Garcia ,  1964) ,  an d tha t  man y student s hav e no t  reache d thi s stag e o f  cognitiv e 

developmen t  a t  th e hig h schoo l  o r  eve n th e colleg e level ,  le t  alon e a t  th e elementar y 

schoo l  level .  Consequently ,  suc h student s canno t  b e expecte d t o maste r  physica l 

principles .  We hav e foun d thi s no t  t o b e th e case .  Thi s pape r  wil l  describ e a n 

instructiona l  approac h tha t  enable d sixt h grader s t o understan d importan t  aspect s o f 

Newtonia n mechanics .  Further ,  i t  wil l  illustrat e ho w the y als o bega n t o lear n abou t 

th e natur e o f  scienc e — wha t  ar e scientifi c  laws ,  ho w d o the y evolve ,  an d wh y ar e 

the y useful ? 

2 The Progression of Microworlds & Subject Matter 

The objectiv e wa s fo r  student s t o evolv e a  menta l  mode l  o f  sufficien t 

sophisticatio n t o enabl e the m t o analyz e projectil e motio n problem s (i.e. ,  problem s 

involvin g motio n unde r  a  constant ,  unifor m gravitationa l  force) .  Th e desire d mode l 

woul d incorporat e suc h fundamenta l  concept s o f  Newtonia n mechanic s a s force , 

velocity ,  an d acceleration ,  a s wel l  a s causa l  principles ,  suc h a s force s caus e change s 

i n velocity .  I n orde r  t o enabl e th e student s t o acquir e suc h a  causa l  model ,  w e 

create d a  progressio n o f  increasingl y comple x microworlds .  Associate d wit h eac h 

microworl d i s a  se t  o f  proble m solvin g activitie s an d experiment s designe d t o hel p th e 

student s discove r  th e law s governin g th e microworld .  Thes e microworld s graduall y 

introduc e th e ful l  se t  o f  principle s neede d t o analyz e projectil e motio n problems .  Al l 

of  the m requir e student s t o contro l  th e motio n o f  a  computer-generate d graphi c 

objec t  vi a th e applicatio n o f  forces .  Withi n thes e simulations ,  th e complication s 

introduce d b y frictio n an d gravit y ca n b e selectivel y eliminated ,  allowin g student s t o 

encounte r  firs t  simple r  situation s obeyin g Newton' s firs t  la w (object s d o no t  chang e 

thei r  velocit y unles s a  forc e i s applie d t o them) ,  an d late r  t o analyz e mor e comple x 

situation s i n term s o f  suc h basi c laws .  I n addition ,  th e microworld s incorporat e a 

number  o f  differen t  representation s fo r  th e applicatio n o f  force s an d fo r  th e motion s 

of  objects .  Fo r  example ,  ther e i s th e datacros s (se e Figur e 1) ,  whic h i s essentiall y  a 

pai r  o f  crosse d "thermometers "  tha t  registe r  th e horizonta l  an d vertica l  velocit y 

component s o f  a n objec t  vi a th e amoun t  o f  "mercury "  i n them .  Also ,  ther e ar e wake s 

(als o show n i n Figur e 1 )  tha t  provid e a  recor d o f  a n object' s pas t  spee d an d directio n 

337 



X 

t 

Figur e 1 :  Th e Representatio n o f  Motio n withi n th e Microworld s 

In this game, one must control the motion of the dot so that it navigates 
th e trac k an d stop s o n th e targe t  X .  Th e shade d circl e i n th e middl e o f  th e 
angle d pat h i s th e dot .  I t  represent s a  physica l  objec t  whic h ma y b e give n 
fixe d size d impulse s i n th e left-righ t  o r  up-dow n directions .  I n thi s figur e 
th e do t  ha s bee n give n th e (optional )  propert y o f  leavin g wakes "  i n th e for m 
of  littl e dot s lai d dow n a t  regula r  tim e intervals .  Thes e denote ,  b y thei r 
positio n an d relativ e separation ,  th e pas t  histor y o f  th e motion .  Th e larg e 
cros s i n th e middl e o f  th e figur e i s th e "datacross "  - -  a  devic e fo r 

displayin g th e instantaneou s value s o f  th e X  an d Y  velocit y components .  Her e 
th e datacros s i s depictin g a  velocit y incline d a t  +4 5 degree s t o th e 
horizontal .  Th e arrow s a t  th e botto m an d righ t  sid e o f  th e figur e continuall y 
poin t  t o th e dot .  unles s i t  leave s th e screen ,  i n whic h cas e the y "ge t  stuck " 
at  th e edg e o f  th e screen .  The y represen t  th e X  an d Y  coordinate s o f  th e 
dot s position ,  an d ar e usefu l  fo r  determinin g it s locatio n t o withi n a 
quadran t  whe n i t  i s  of f  th e screen .  Thei r  motions ,  whil e th e do t  i s o n th e 
screen ,  dynamicall y illustrat e th e X  an d Y  component s o f  th e dot s velocity . 
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of  motio n b y leavin g a  mar k o n th e scree n a t  fixe d tim e interval s Thes e 

representation s allo w th e effect s o f  force s o n a n object' s motio n an d velocit y 

component s t o b e directl y observed ,  an d thereb y facilitat e students '  attempt s t o 

formulat e th e principle s governin g thes e cause s an d effects . 

Microworld #1: At the beginning of the curriculum, we introduce a simple one-

dimensiona l  microworl d whic h ha s n o frictio n o r  gravity .  I n thi s world ,  student s tr y t o 

contro l  th e motio n o f  a n objec t  (referre d t o a s th e "dot" )  b y applyin g fixe d size d 

impulse s t o th e righ t  (  — > )  o r  t o th e lef t  (  < — ) .  Th e student s observ e tha t 

wheneve r  the y appl y a n impuls e t o th e dot ,  i t  cause s a  chang e i n it s speed :  I f  th e 

impuls e i s applie d i n th e sam e directio n tha t  th e do t  i s moving ,  i t  add s t o it s speed ; 

applie d i n th e opposit e direction ,  i t  subtract s fro m th e speed .  I n thi s way ,  th e 

student s discove r  tha t  a  formalis m the y learne d i n secon d grade ,  scala r  arithmeti c 

(e.g. ,  3  -  2  =  1) ,  wil l  enabl e the m t o mak e prediction s abou t  th e effec t  tha t  a 

particula r  impulse ,  o r  sequenc e o f  impulses ,  wil l  hav e o n th e motio n o f  th e dot .  A s 

par t  o f  thi s process ,  th e student s hav e discovere d a  corollar y o f  Newton' s firs t  la w — 

Whenever  yo u appl y a n impuls e t o a n object ,  yo u chang e it s velocity . 

Microworld #2: Next, the students are given a two-dimensional microworld. 

Again ,  ther e i s n o frictio n o r  gravity .  I n thi s world ,  th e student s ca n appl y impulse s 

up o r  down ,  a s wel l  a s t o th e lef t  o r  right .  Throug h carefull y designe d proble m 

solvin g activitie s (fo r  example ,  se e White ,  1984) ,  th e student s discove r  tha t  th e la w 

the y develope d fo r  th e horizonta l  dimensio n applie s equall y wel l  t o th e vertica l 

dimensio n o f  th e dot' s velocity .  Further ,  the y lear n tha t  thes e tw o component s o f  th e 

dot' s motio n ar e independen t  o f  on e anothe r  — fo r  instance ,  i f  yo u appl y a n upward s 

or  downward s impulse ,  i t  ha s n o effec t  o n th e horizonta l  velocit y o f  th e do t  .  Finally , 

the y acquir e th e foundatio n fo r  a n understandin g o f  vecto r  additio n — the y lear n 

how th e vertica l  an d horizonta l  velocit y component s combin e t o determin e th e spee d 

and directio n o f  th e dot' s motion . 

Microworld #3: The next step is to provide students with a microworld where the 

rat e a t  whic h the y ca n appl y impulse s ca n b e varied .  Th e purpos e o f  thi s microworl d 

i s t o introduc e student s t o continuou s force s vi a a  limi t  process ;  Th e student s ca n 

repeatedl y doubl e th e frequenc y wit h whic h the y ca n appl y impulses ,  whil e a t  th e sam e 

time ,  th e siz e o f  eac h impuls e i s halved .  A t  th e en d o f  thi s process ,  th e student s ar e 

applyin g ver y smal l  impulse s closel y space d i n time .  I n thi s way ,  th e student s lear n t o 

thin k o f  continuou s forces ,  lik e gravity ,  a s a  lo t  o f  smal l  impulse s applie d on e afte r 

another .  Thi s enable s student s t o appl y thei r  causa l  model ,  learne d i n th e simple r 

2 
Thi s i s leorne d b y givin g on e studen t  th e capabilit y  t o oppl y onl y horizonta l  impulse s t o 

th e do t  an d onothe r  th e capabilit y  t o appl y onl y vertico l  impulses .  Th e firs t  studen t  i s 
the n give n a  tas k tha t  require s controllin g th e orro w whos e motio n represent s th e dot' s 
horizonta l  velocity ,  an d th e secon d studen t  ha s t o contro l  th e arro w whos e motio n represent s 
it s vertica l  velocity .  The y discove r  tha t  th e othe r  student' s impulse s hav e n o effec t  o n 
th e motio n o f  thei r  arrow . 
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microworlds ,  t o understan d th e effect s o f  continuou s forces .  Fo r  example ,  the y ar e 

aske d t o thin k abou t  wha t  happen s whe n yo u thro w a  bal l  u p int o th e air .  The y 

discove r  tha t  gravit y i s  constantl y applyin g a n impuls e tha t  continuall y add s a  smal l 

amount  t o th e vertica l  velocit y o f  th e bal l  i n th e downward s direction .  Thi s cause s 

th e bal l  t o g o upward s a t  a  slowe r  an d slowe r  rat e unti l  i t  finall y stops ,  turn s around , 

and accelerate s downwards .  B y analyzin g suc h problems ,  th e student s develo p a n 

understandin g o f  acceleratio n an d o f  F=m a fo r  th e cas e wher e th e mas s an d th e forc e 

ar e constant .  I n othe r  words ,  the y lear n a  simple r  causa l  for m o f  F=ma ,  tha t  is ,  F 

— > a 

Microworld #4; Finally, the students are presented with a microworld in which 

gravit y i s acting ,  an d the y ca n agai n appl y impulse s t o th e lef t  an d right ,  a s wel l  a s 

up an d down .  I n thi s world ,  i n th e absenc e o f  othe r  forces ,  motio n i s characterize d 

by constan t  acceleratio n i n th e vertica l  dimensio n an d constan t  spee d i n th e 

horizonta l  dimension .  Th e student s ar e give n problem s o f  th e form :  "Imagin e tha t  yo u 

giv e tw o ball s a  horizonta l  pus h of f  th e sid e o f  a  table .  On e bal l  get s a  sof t  pus h an d 

th e othe r  bal l  get s a  har d push .  Bot h ball s ar e pushe d a t  th e sam e time .  Whic h bal l 

hit s th e floo r  first? "  Workin g i n thi s microworl d thu s enable s student s t o mak e 

connection s t o som e interestin g rea l  worl d situations .  Solvin g suc h problem s require s 

th e student s t o appl y th e causa l  mode l  tha t  the y learne d fro m interactin g wit h th e 

prio r  microworlds . 

3 The Instructional Approach 

The se t  o f  microworld s w e hav e create d focuse s on ,  simplifies ,  an d make s 

concret e certai n aspect s o f  Newtonia n mechanics .  Th e challeng e wa s t o devis e 

instructiona l  techniques ,  centere d aroun d th e microworlds ,  tha t  woul d facilitat e 

students '  acquisitio n o f  th e desire d menta l  model .  A  centra l  aspec t  o f  th e approac h 

tha t  w e develope d i s t o synthesiz e th e teachin g o f  subjec t  matte r  wit h teachin g abou t 

th e form ,  evolution ,  an d applicatio n o f  scientifi c  knowledge .  Student s ar e give n a 

variet y o f  law s tha t  hav e bee n propose d fo r  a  give n microworld ,  an d ar e aske d t o 

determin e whic h law s ar e correc t  an d whic h law s ar e incorrec t  (i.e. ,  demonstrabl y 

false) .  Then ,  fo r  th e correc t  laws ,  the y hav e t o devis e criteri a fo r  decidin g whic h law s 

ar e bette r  tha n others .  Finally ,  the y hav e t o appl y thei r  law s t o rea l  worl d context s 

and thereb y discove r  tha t  th e law s ar e genera l  an d enabl e on e t o mak e prediction s 

abou t  a  wid e rang e o f  physica l  phenomena . 

Within each of the existing four modules of the curriculum (corresponding to the 

fou r  microworld s describe d above) ,  instructio n wa s divide d int o fou r  distinc t  phases : 

The Motivation Phase. In the first phase, students are asked to make predictions 

abou t  wha t  the y thin k wil l  happe n i n simpl e rea l  worl d contexts .  Fo r  example ,  i n th e 

firs t  modul e o f  th e curriculum ,  th e teache r  ask s th e students ;  "Imagin e tha t  w e hav e a 

bal l  restin g o n a  frictionles s surfac e an d w e blo w o n th e ball .  Then ,  a s th e bal l  i s 
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movin g along ,  w e giv e i t  a  blow ,  th e sam e siz e a s th e first ,  i n th e opposit e direction . 

What  wil l  b e th e effec t  o f  thi s secon d blo w o n th e motio n o f  th e ball? "  Th e teache r 

simpl y tabulate s th e differen t  answer s an d reason s fo r  thes e answer s withou t 

commentin g o n thei r  correctness .  Thi s proces s demonstrate s t o th e student s tha t  no t 

everyon e hold s th e sam e beliefs .  Fo r  instance ,  som e thin k tha t  th e secon d blo w wil l 

caus e th e bal l  t o tur n aroun d an d g o i n th e opposit e direction ,  other s thin k tha t  i t 

wil l  mak e th e bal l  stop ,  an d ye t  other s believ e tha t  i t  wil l  simpl y caus e th e bal l  t o 

slo w down .  Sinc e no t  everyon e ca n b e right ,  student s ar e motivate d t o fin d ou t  wh o 

has correc t  explanation s an d wh o ha s misconceptions .  Further ,  sinc e th e prediction s 

ar e abou t  th e behavior s o f  rea l  worl d objects ,  thi s phas e set s u p a  potentia l  lin k 

betwee n wha t  happen s i n th e compute r  microworl d an d th e rea l  world . 

The Evolution Phase. In this phase students solve problems and perform 

experiment s i n th e contex t  o f  th e compute r  microworld .  Fo r  instance ,  on e o f  th e 

problem s i n th e firs t  modul e require s th e student s t o mak e th e do t  hi t  a  stationar y 

targe t  whil e movin g a t  a  specifie d speed .  Onc e th e studen t  succeeds ,  th e do t  return s 

t o it s startin g locatio n an d a  ne w targe t  spee d i s specified .  B y attemptin g t o solv e 

thi s problem ,  th e student s lear n ho w impulse s affec t  th e spee d o f  th e dot .  A s 

describe d i n th e previou s section ,  th e compute r  microworl d increase s i n complexit y 

wit h eac h ne w modul e o f  th e curriculum .  Th e problem s an d experiment s ar e designe d 

and sequence d t o buil d upo n th e students '  prio r  knowledg e an d t o enabl e the m t o 

induc e increasingl y sophisticate d concept s an d law s relevan t  t o understandin g th e 

implication s o f  Newton' s law s o f  motion . 

The Formalization Phase. In this phase the students are asked to evaluate a set 

of  law s formulate d t o describ e th e behavio r  o f  object s withi n th e microworld . 

Example s o f  suc h law s ar e (l )  wheneve r  yo u giv e th e do t  a n impuls e t o th e left ,  i t 

slow s down ,  an d (2 )  i f  th e do t  i s moving ,  an d yo u d o no t  appl y a n impulse ,  i t  wil l  kee p 

movin g a t  th e sam e speed .  Initiall y  student s ar e aske d t o sor t  th e law s int o tw o pile s 

— thos e tha t  the y ca n prov e wron g an d thos e fo r  whic h the y canno t  fin d a 

counterexample .  Then ,  fo r  th e subse t  o f  "true "  laws ,  the y ar e aske d t o pic k th e rul e 

the y lik e best ;  "i f  yo u coul d onl y hav e on e o f  thes e rule s i n you r  hea d t o bas e 

prediction s on ,  whic h on e woul d yo u pic k an d why? "  Thi s activit y typicall y engender s 

discussion s o f  (1 )  th e precisio n o f  a  rule' s predictions ,  (2 )  th e rang e o f  situation s t o 

whic h i t  applies ,  an d (3 )  it s simplicit y an d memorability . 

The Transfer Phase. In this phase the objective is to get students to appreciate 

how th e rul e the y hav e selecte d applie s t o rea l  worl d contexts .  I n th e firs t  stag e o f 

thi s process ,  student s appl y thei r  rul e t o th e predictiv e questio n tha t  the y wer e aske d 

at  th e beginnin g o f  th e instructiona l  cycle .  The y the n compar e th e answe r  tha t  th e 

rul e generate s t o th e se t  o f  answer s generate d b y th e class .  Fo r  answer s tha t  differ , 

student s g o t o th e microworl d an d experiment ,  fo r  example ,  b y puttin g frictio n and/o r 

gravit y int o th e microworld ,  t o se e whic h o f  thei r  "wrong "  prediction s ca n becom e 

correc t  prediction s unde r  thes e mor e comple x circumstances .  I n th e secon d stag e o f 
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th e transfe r  process ,  student s conduc t  experiment s wit h rea l  worl d objects ,  o r  desig n 

thei r  ow n experiment s t o illustrat e ho w th e rul e the y evolve d i n th e microworl d 

contex t  hold s i n thes e rea l  worl d contexts . 

4 Experimenta l  Res\ilt s 

The curriculu m wa s implemente d b y a  teache r  wh o taugh t  fiv e scienc e classe s i n 

th e sixt h grad e o f  a  middl e schoo l  locate d i n a  middl e clas s Bosto n suburb .  On e o f 

th e fiv e classe s wa s use d fo r  a  pilo t  tria l  o f  th e firs t  tw o module s o f  th e curriculum . 

Of  th e remainin g classes ,  tw o wer e use d a s a  pee r  contro l  grou p (containin g 3 7 

students) ,  an d th e othe r  tw o wer e give n th e ThinkerTool s curriculu m (containin g 4 1 

students) .  Th e curriculu m too k tw o month s t o complete .  Durin g thi s period ,  th e 

student s ha d a  scienc e clas s ever y schoo l  da y fo r  4 5 minutes .  Th e ThinkerTool s 

curriculu m occupie d th e entir e clas s period .  Student s i n th e contro l  classe s receive d 

th e standar d curriculu m which ,  a t  thi s poin t  i n th e year ,  wa s devote d t o a  uni t  o n 

inventions .  Al l  student s ha d complete d a  physic s uni t  earlie r  i n th e yea r  whic h 

include d materia l  o n Newton' s laws . 

In addition to the control group of sixth grade students, a second control group 

was employed ,  consistin g o f  tw o classe s o f  hig h schoo l  physic s student s (containin g 4 1 

students )  draw n fro m th e sam e schoo l  syste m a s th e sixt h graders .  Thes e student s 

had jus t  complete d tw o an d on e hal f  month s studyin g Newtonia n mechanic s usin g th e 

tex t  boo k "Concept s i n Physics "  (Miller ,  Dillon ,  &  Smit h (1980)) . 

We utilized a variety of evaluation instruments to help us determine the 

effectivenes s o f  th e ThinkerTool s curriculum .  Durin g th e cours e w e observe d numerou s 

classroo m session s an d kep t  videotap e an d audiotap e record s o f  certai n sessions .  A t 

th e en d o f  th e cours e w e administere d thre e writte n test s measuring :  (1 )  abilit y  t o 

translat e betwee n th e alternativ e representation s o f  motio n (datacrosse s an d wake s 

— se e Figur e l )  employe d withi n th e curriculum ,  (2 )  subjec t  matte r  knowledg e i n th e 

compute r  microworl d context ,  an d (3 )  transfe r  o f  th e underlyin g principle s t o real -

worl d contexts .  Thi s thir d tes t  wa s als o give n t o th e tw o contro l  groups .  I n addition , 

followin g th e administratio n o f  th e writte n tests ,  seve n o f  th e ThinkerTool s student s 

wer e interviewe d o n a n individua l  basis .  Thes e protocol s allowe d u s t o explor e i n 

dept h th e natur e o f  th e menta l  model s the y ha d acquired . 

Since the first two tests were given only to the experimental subjects, we will 

focu s i n thi s limite d spac e o n th e result s o f  th e thir d test .  Th e finding s wil l  b e 

discusse d wit h respec t  t o th e tw o primar y objective s o f  th e course :  (l )  understandin g 

th e principle s underlyin g Newtonia n mechanics ,  an d (2 )  learnin g abou t  th e for m an d 

evolutio n o f  scientifi c  knowledge . 
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4. 1 Understandin g Newtonia n Mechanic s 

The experimenta l  student s di d wel l  o n th e firs t  tw o tests ,  wit h a  thir d o f  the m 

gettin g mor e tha n ninet y percen t  o f  th e question s correct .  Protocol s o f  hig h scorin g 

student s revea l  tha t  thei r  patter n o f  correc t  answer s wa s produce d b y th e consisten t 

applicatio n o f  th e desire d menta l  mode l  fo r  reasonin g abou t  forc e an d motio n 

problems .  Thi s i s i n marke d contras t  t o th e inconsisten t  an d misconceptio n fraugh t 

reasonin g tha t  sixt h grader s displa y prio r  t o instructio n (Whit e &c Horwitz ,  i n 

preparation) ,  an d tha t  hig h schoo l  physic s student s exhibi t  followin g a  traditiona l 

physic s cours e (White ,  1983) . 

The third test, administered to the experimental group and two control groups, 

measure s students '  understandin g o f  Newtonia n mechanic s i n rea l  worl d proble m 

solvin g contexts .  I t  i s  compose d o f  question s use d b y othe r  researcher s i n studyin g 

misconception s amon g physic s student s (Clement ,  diSessa ,  McClosky ,  McDermott , 

Minstrell ,  White) .  Th e particula r  question s use d ar e simpl e predictiv e question s t o 

whic h hig h schoo l  an d colleg e student s frequentl y giv e wron g answers .  The y al l 

requir e reasonin g fro m basi c principles ,  rathe r  tha n constraint-based ,  algebrai c 

proble m solving . 

In the first analysis of this transfer test, we compared sixth graders who had 

th e ThinkerTooI s curriculu m wit h thos e wh o di d not .  A  thre e wa y betwee n subject s 

analysi s o f  varianc e wa s carrie d ou t  wit h (l )  treatmen t  (experimenta l  versu s control) , 

(2 )  gender ,  an d (3 )  abilit y  (low ,  middle ,  an d high ,  base d upo n Californi a Achievemen t 

Test  (CAT )  tota l  scores )  a s th e thre e factors .  Wit h thi s desig n w e coul d asses s th e 

effectivenes s o f  th e experimenta l  curriculu m fo r  subject s o f  eac h gende r  an d abilit y 

level .  Ther e wa s a  highl y significan t  mai n effec t  o f  instructiona l  treatmen t 

(F^  g2=62.9 ,  p<.OOOI) .  Th e averag e numbe r  o f  question s correc t  fo r  th e experimenta l 

subject s wa s 11.1 5 ou t  o f  17 ,  whil e th e averag e fo r  th e contro l  subject s wa s 7.56 .  I n 

addition ,  ther e wa s n o significan t  interactio n o f  gende r  wit h treatmen t  (  F ^  g2=.219 , 

p=.64) ,  o r  abilit y  wit h treatmen t  (F j  g2=.834 ,  p=.44) .  Thus ,  th e ThinkerTooI s 

curriculu m wa s equall y effectiv e fo r  girl s an d boy s a s wel l  a s fo r  student s o f  differen t 

abilit y  level s a s measure d b y th e CAT. 

With respect to the ThinkerTooIs students, the questions on the test can be 

classifie d int o tw o categories : 

1. Those that involve the application of a principle taught in the course and 
tha t  th e student s hav e applie d i n a  contex t  simila r  t o th e on e presente d i n 
th e problem ;  an d 

2. Those that involve a principle addressed in the course but that the 
student s hav e neve r  applie d t o th e particula r  contex t  presente d i n th e 
problem . 

An ite m analysi s reveale d tha t  th e experimenta l  student s di d bette r  tha n th e contro l 
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student s o n bot h type s o f  problems .  Thi s suggest s tha t  th e ThinkerTool s student s no t 

onl y learne d th e principle s focuse d o n i n th e course ,  bu t  als o coul d appl y the m t o 

unfamilia r  contexts . 

Finally, it is noteworthy that the Thinkertools students also did significantly 

bette r  o n thi s transfe r  tes t  tha n th e hig h schoo l  physic s student s (tg g =  1.7 ,  p  <  .05) , 

who wer e o n th e averag e si x year s olde r  an d ha d bee n taugh t  abou t  forc e an d motio n 

usin g traditiona l  methods .  A n ite m analysi s reveale d interestin g difference s betwee n 

thes e groups .  Th e ThinkerTool s student s performe d bette r  (i n som e case s dramaticall y 

better )  tha n th e hig h schoo l  physic s student s c. i  problem s tha t  involve d analyzin g th e 

effect s o f  force s i n term s o f  velocit y components .  Th e hig h schoo l  students ,  however , 

performe d bette r  o n problem s tha t  involve d constrain t  force s (suc h a s a  fixe d lengt h 

strin g constrainin g th e motio n o f  a  pendulu m bob) .  Thi s latte r  resul t  i s  no t  to o 

surprising ,  sinc e constrain t  force s wer e no t  deal t  wit h i n th e ThinkerTool s curriculum . 

4.2 Acquiring Scientific Inquiry Skills 

I n additio n t o teachin g student s principle s underlyin g Newtonia n mechanics ,  w e 

had th e symbioti c goa l  o f  helpin g the m lear n abou t  th e form ,  evolution ,  an d 

applicatio n o f  scientifi c  knowledge .  I n evaluatin g ou r  succes s wit h respec t  t o thi s 

secon d majo r  objectiv e o f  th e curriculum ,  w e relie d partl y upo n observation s o f 

students '  classroo m performance .  Fo r  instance ,  w e examine d th e qualit y o f  th e law s 

and experiment s tha t  the y formulate d fo r  themselves ,  a s wel l  a s th e sophisticatio n o f 

th e discussion s the y hel d whe n the y wer e attemptin g t o selec t  th e bes t  law .  I n 

addition ,  w e looke d a t  th e result s o f  th e writte n tests ,  particularl y th e transfe r  test , 

t o ai d i n thi s aspec t  o f  th e evaluation . 

Understanding the Form of Scientific Knowledge. Knowing the characteristics of 

a usefu l  scientifi c  la w i s a n importan t  aspec t  o f  understandin g th e for m o f  scientifi c 

knowledge .  Th e instructiona l  techniqu e w e develope d wa s t o presen t  student s wit h 

alternativ e law s fo r  eac h microworld ,  an d hav e the m selec t  th e bes t  law .  We observe d 

tha t  whe n student s wer e evaluatin g thes e set s o f  laws ,  the y spontaneousl y engage d i n 

discussion s concernin g th e simplicit y o f  a  law ,  th e precisio n o f  it s  predictions ,  an d it s 

rang e o f  applicability .  Th e se t  o f  law s wa s carefull y constructe d t o elici t  suc h 

discussion s an d thi s approac h thu s appear s t o hav e bee n highl y successful . 

Developing Scientific Inquiry Skills. It is important to understand that 

falsificatio n i s par t  o f  th e proces s b y whic h scientifi c  knowledg e evolves .  Fo r  a  rul e 

t o b e a  potentia l  scientifi c  law ,  i t  mus t  b e capabl e o f  bein g prove n wrong .  Bein g abl e 

t o develo p an d reaso n fro m counte r  evidenc e i s a n importan t  scientifi c  inquir y skill . 

We observe d tha t  whe n th e student s wer e evaluatin g th e set s o f  law s give n t o them , 

the y wer e adep t  a t  designin g experiment s tha t  woul d falsif y a  particula r  law . 
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When w e wen t  o n t o loo k a t  wha t  th e student s di d whe n the y formulate d law s fo r 

themselves ,  ther e wer e clea r  limit s t o thei r  scientifi c  inquir y skills .  Fo r  example ,  on e 

grou p o f  student s discovere d th e "linea r  frictio n law" :  i n th e microworl d th e effec t  o f 

frictio n i s linearl y proportiona l  t o th e spee d wit h whic h th e objec t  i s  moving .  Th e 

consequenc e i s tha t  whe n yo u appl y a  sequenc e o f  impulse s t o th e dot ,  i t  doe s no t 

matte r  whethe r  yo u appl y the m on e righ t  afte r  th e othe r  o r  whethe r  yo u separat e 

the m furthe r  i n time ,  th e do t  wil l  com e t o res t  a t  th e sam e point .  Th e student s 

discovere d thi s fact ,  bu t  the y di d no t  full y  explor e it s implications ,  no r  di d the y g o o n 

t o investigat e whethe r  i t  wa s tru e fo r  th e kin d o f  rea l  worl d frictio n tha t  affects ,  fo r 

instance ,  rolUn g ball s o r  slidin g hocke y pucks . 

If one looks at our instructional approach, this limitation in their inquiry skills 

i s  understandable .  We gav e th e student s activitie s t o hel p the m induc e th e laws ,  a s 

wel l  a s set s o f  possibl e law s t o evaluate ,  an d rea l  worl d activitie s tha t  enable d the m 

t o se e tha t  th e law s generalized .  Towar d th e en d o f  th e cours e the y wer e aske d t o 

formulat e thei r  ow n law s an d t o desig n rea l  worl d activitie s tha t  illustrate d th e laws . 

Thi s wa s clearl y to o abrup t  a  transition ,  an d a n importan t  are a o f  ou r  futur e researc h 

wil l  b e th e developmen t  o f  bridgin g activitie s tha t  enabl e a  mor e gradua l  transitio n t o 

independen t  scientifi c  discovery . 

Acquiring Scientific Problem Solving Skills. Students need to understand that the 

law s the y ar e evolvin g ar e o f  increasin g genera l  applicability ,  an d nee d t o b e abl e t o 

appl y the m i n ne w contexts .  Base d upo n classroo m observation s an d th e result s o f 

th e transfe r  test ,  w e se e tha t  th e student s wer e indee d abl e t o generaliz e principle s 

derive d i n th e microworl d context s t o a  variet y o f  simpl e rea l  worl d contexts .  Thi s 

was achieve d b y a  proces s o f  abstractin g wha t  the y learne d fro m th e compute r 

microworl d int o a  se t  o f  law s an d the n learnin g ho w t o ma p th e law s ont o differen t 

rea l  worl d proble m solvin g situations . 

The general conclusion is that the ThinkerTools students learned that a useful 

scientifi c  la w i s a  concis e principl e tha t  enable s prediction s acros s differen t  contexts . 

I n addition ,  the y develope d skil l  a t  designin g experiment s t o falsif y o r  sho w th e 

hmitation s o f  a  law ,  an d applyin g a  give n la w t o a  variet y o f  differen t  domains .  Thi s 

vie w o f  scientifi c  knowledg e an d thes e inquir y skill s  ar e a n importan t  componen t  o f 

understandin g wha t  scienc e i s al l  about . 

5 Discussion 

The desig n o f  th e curriculu m wa s base d upo n extensiv e protoco l  studie s o f  sixt h 

graders '  reasonin g abou t  forc e an d motio n problems .  Base d upo n thi s research ,  w e 

determine d whic h aspect s o f  thei r  prio r  knowledg e w e coul d buil d upon ,  an d whic h 

misconception s w e coul d us e t o motivat e thei r  learnin g abou t  Newtonia n mechanics . 

The progressio n o f  increasingl y comple x compute r  microworld s wa s the n designe d t o 

correspon d t o th e desire d evolutio n o f  th e students '  understandin g o f  th e phenomena . 
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Further ,  th e desig n o f  th e microworl d mad e abstractions ,  suc h a s Cartesia n 

component s o f  displacemen t  an d velocity ,  int o concret e observabl e data-objects ,  an d 

introduce d simplifications ,  suc h a s quantize d impulses ,  tha t  enable d student s t o lear n 

and mak e concret e wha t  ar e normall y regarde d a s abstrac t  an d difficul t  concepts . 

Another aspect of the instructional approach that we believe was crucial to its 

succes s i s th e proces s o f  reificatio n — student s wer e aske d t o conside r  alternativ e 

description s o f  wha t  the y learne d fro m th e compute r  microworl d i n th e for m o f  a  se t 

of  laws ,  an d ha d t o evaluat e th e propertie s o f  th e variou s laws .  Thi s enable d th e 

student s t o develo p a  concep t  o f  wha t  i t  wa s the y wer e tryin g t o lear n - -  fo r 

example ,  rathe r  tha n learnin g a  se t  o f  facts ,  the y wer e tryin g t o induc e a  se t  o f  law s 

and lear n abou t  th e propertie s o f  scientifi c  laws .  Further ,  th e proces s o f  gettin g 

student s t o appl y th e law s the y induce d fro m th e microworl d t o rea l  worl d context s 

was importan t  bot h fo r  thei r  understandin g o f  Newtonia n mechanic s an d fo r  thei r 

perceptio n o f  th e natur e o f  scientifi c  knowledge .  The y learne d tha t  thei r  law s appl y 

i n a  wid e rang e o f  context s an d the y gaine d experienc e i n transferrin g wha t  the y 

learne d i n on e contex t  (i.e. ,  th e compute r  microworld )  t o anothe r  contex t  (i.e. ,  a 

particula r  rea l  worl d situation) .  We conjectur e tha t  thes e formalizatio n an d transfe r 

phase s o f  ou r  curriculu m ar e responsibl e fo r  th e ThinkerTool s student s bein g abl e t o 

appl y thei r  knowledg e t o unfamilia r  context s — a  resul t  whic h i s rarel y obtaine d i n 

educationa l  research . 
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