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Abstrac t 

Thi s pape r  describe s a  larg e scal e experimen t  tha t  evaluate s 
th e effectivenes s o f  La w Encodin g Diagram s (LEDs )  fo r 
learnin g qualitativ e relation s i n th e domai n o f  elasti c colli -
sion s i n physics .  A  L E D i s a  representatio n tha t  capuire s th e 
law s o r  importan t  relation s o f  a  domai n i n th e interna l  struc -
tur e o f  a  diagra m b y mean s o f  diagrammati c constraints .  Th e 
subject s wer e 8 8 undergraduat e physic s students ,  divide d int o 
thre e learnin g tria l  conditions .  On e grou p use d compute r 
base d LEDs ,  anothe r  use d conventiona l  compute r  base d 
representation s (table s an d fonnulas) ,  an d th e thir d wa s a  non -
interventio n contro l  group .  Onl y th e L E D subject s ha d a  sig -
nifican t  improvemen t  i n thei r  pre-tes t  t o post-tes t  qualitativ e 
reasoning .  Th e LED s appea r  t o mak e i t  easie r  fo r  subject s t o 
explor e mor e o f  th e spac e o f  differen t  form s o f  colUsion s an d 
henc e gai n a  bette r  quaUtativ e understandin g o f  th e domain . 

Introduction 

Law Encoding Diagrams (LEDs) are an interesting class of 
diagrammati c representations .  The y captur e th e law(s )  o f  a 
domai n b y mean s o f  thei r  interna l  structure ,  usin g geomet -
ric ,  topologica l  o r  spatia l  constraints ,  suc h tha t  eac h diagra m 
represent s a  singl e instanc e o f  th e phenomeno n o r  on e cas e 
of  th e law .  L E D s ca n b e foun d i n th e histor y o f  scienc e 
(Cheng ,  i n press )  an d m a y hav e ha d a n significan t  rol e i n 
some discoveries ,  suc h a s findin g th e la w o f  conservatio n o f 
m o m e n t u m (Chen g &  Simon ,  1992) .  A s L E D s see m t o 
hav e bee n usefu l  t o origina l  scientists ,  i t  i s possibl e tha t  the y 
m ay hel p student s lear n abou t  th e sam e domain .  Chen g 
(1994 ,  1995 )  describe s a  detaile d smal l  scal e stud y i n whic h 
subject s learn t  abou t  elasti c collision s i n physics .  Th e 
subject s use d compute r  base d L E D s i n a  syste m calle d 
R e M I S - C L .  I t  wa s foun d tha t  subjects ,  physic s students , 
coul d quickl y lear n t o us e L E D s fo r  proble m solvin g wit h 
littl e instruction .  I n post-test s hal f  th e subjec t  use d L E D s 
fo r  proble m solvin g wit h nove l  strategies ,  i n contras t  t o thei r 
o wn ineffectiv e pre-test s solutions .  Fro m th e detaile d anal -
ysi s o f  thei r  us e o f  R e M I S - C L ,  i t  appear s tha t  th e successfu l 
subject s obtaine d a  bette r  understandin g o f  th e diagrammati c 
constraint s o f  th e L E D s ,  becaus e the y comprehensivel y 
examine d th e spac e o f  structura l  form s o f  th e L E D s . 

Thi s pape r  describe s a  large r  scal e investigatio n o f 
compute r  base d L E D s fo r  learning ,  wit h 8 8 undergraduat e 
physic s students .  T h e mai n ai m wa s t o evaluat e th e 
effectivenes s o f  R e M I S - C L agains t  control s o f  tw o kinds :  (i ) 

a grou p usin g a  similar ,  bu t  non-diagrammatic ,  compute r 
base d learnin g environment ;  an d (ii )  a  non-interventio n 
group .  Th e investigatio n als o provide d furthe r  evidenc e t o 
suppor t  th e hypothesi s tha t  successfu l  learnin g wit h L E D i s 
linke d t o th e exten t  t o whic h subject s explor e th e spac e o f 
differen t  structura l  form s o f  L E D s . 

Th e nex t  sectio n o f  th e pape r  describe s th e domai n o f 
elasti c collision s an d ReMIS-CL .  Th e metho d an d result s 
ar e the n outline d i n th e followin g tw o sections .  Th e impli -
cation s o f  th e result s ar e describe d i n th e final  tw o sections , 
whic h als o contrast s th e presen t  approac h t o other s i n com -
pute r  base d physic s learning . 

Elastic Collisions and ReMIS-CL 

Elastic collisions are important in physics, because both 
m o m e n t u m an d energ y conservatio n ar e involved .  Her e 
impact s betwee n tw o bodie s (balls )  travellin g i n a  straigh t 
lin e ar e considered .  Figure s 1  an d 2  show s scree n display s 
(minu s m e n u bar )  o f  ReMIS -CL ,  a  compute r  base d discov -
er y learnin g environmen t  fo r  thi s domain .  A t  th e botto m o f 
th e screen ,  ther e i s a n animate d simulatio n o f  th e collisio n 
tha t  th e use r  ca n ru n a t  will .  Th e tw o larg e area s abov e hav e 
tw o interactiv e L E D s :  th e one-dimensiona l  propert y 
diagra m ( ID P diagram )  an d th e velocity-velocit y grap h ( W 
graph) .  Figure s 1  an d 2  sho w differen t  collision s bu t  L E D s 
withi n eac h represen t  th e sam e collision .  Th e line s i n th e 
diagram s represen t  magnitude s o f  velocitie s an d masses :  U I 
and U 2 ar e th e velocitie s befor e impact ;  and ,  V I  an d V 2 ar e 
th e velocitie s afte r  collision .  I n Figur e 1  th e bodie s 
approac h an d depar t  i n differen t  direction s bu t  wit h equa l 
speeds .  I n th e I D ? diagram ,  mas s lines ,  m l  an d m 2 ,  ar e 
(kaw n equidistan t  betwee n th e U l — U 2 an d V I — V 2 lines . 
I n th e V - V grap h th e masse s ar e represente d b y th e side s o f 
th e smal l  triangle .  Th e rati o o f  th e length s o f  th e mas s line s 
i n bot h L E D s equal s th e rati o o f  th e masse s o f  th e tw o balls . 

Bot h L E D s ca n b e directl y manipulate d t o chang e th e 
value s o f  th e variables .  Figur e 2  show s th e resul t  o f  slidin g 
th e handle ,  th e smal l  rectangle ,  a t  th e en d o f  th e U 2 arro w t o 
th e right ,  doublin g th e initia l  spee d o f  body-2 .  Th e res t  o f 
th e I D P diagram' s structur e i s automaticall y update d t o b e 
consisten t  wit h it s o w n diagrammati c constraint s an d thu s t o 
satisf y bot h conservatio n laws .  Th e L E D s ar e inter-linke d 
so tha t  th e structur e o f  V - V grap h i s als o revised .  ReMIS -
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Figur e 1 :  R e M I S - C L Scree n showin g simpl e equa l  mas s collision . 

CL ensure s tha t  th e L E D s ar e alway s consisten t  wit h thei r 
diagrammati c constraints . 

The thre e mai n constraint s o f  th e I D P diagra m are :  (i )  th e 
tai l  end s o f  th e arrow s fo r  th e initia l  velocitie s an d th e point s 
of  th e correspondin g fina l  velocit y arrow s mus t  b e i n lin e 
vertically ,  makin g th e tota l  lengt h o f  th e U l — U 2 lin e equa l 
t o tha t  o f  th e V I — V 2 line ;  (ii )  th e tota l  lengt h o f  th e mas s 
lin e equal s th e lengt h o f  th e velocit y lines ;  and ,  (iii )  th e end s 
of  th e line s no t  previousl y fixed  i n (i )  an d (ii) ,  indicate d b y 

th e smal l  circles ,  mus t  li e o n a  straigh t  vertica l  o r  diagona l 
line . 

I n th e V - V grap h th e straigh t  diagona l  lin e i s constan t 
m o m e n t u m contou r  an d th e circl e (sometime s a n ellipse )  i s 
a constan t  energ y contour .  Ther e ar e 3  mai n constraints ,  (i ) 
T h e m o m e n t u m contou r  lin e passe s throug h th e point s fo r 
initia l  an d final  velocities ,  a s indicate d b y th e smal l  circles , 
an d i s paralle l  t o hypotenus e o f  th e mas s triangle ,  (ii )  T h e 
centr e o f  th e energ y circle/ellips e i s a t  th e origi n o f  th e 
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Figur e 2 :  A n Asymmetri c collisio n i n R e M I S - C L 



grap h an d i t  als o passe s throug h th e point s fo r  initia l  an d 
final  velocities .  Th e intersection s o f  th e contour s giv e th e 
solution s t o th e tw o conservatio n laws ,  (iii )  Th e eccentricit y 
of  th e ellips e i s give n b y th e square-roo t  o f  th e rati o o f  th e 
masses ;  "vCml/ml) .  Th e la w encodin g constraint s o f  thi s 
L E D ar e mor e comple x tha n thos e fo r  th e I D P diagram . 

R e M I S - C L log s th e action s o f  th e user s o n th e syste m an d 
store s th e value s o f  variables .  Differen t  kind s o f  operation s 
ar e recorde d wit h tim e stamps ,  including :  switche s betwee n 
th e representations ;  change s t o value s o f  th e variables ;  reset s 
tha t  retur n th e variable s t o thei r  defaul t  value s (i.e. ,  Figur e 
1) ;  an d run s o f  th e simulation . 

O ne wa y t o distinguis h differen t  collision s i s i n term s o f 
configurations ,  define d a s relation s betwee n th e pair s o f 
initia l  (o r  final)  velocitie s wit h respec t  t o thei r  sign s 
(directions )  an d whethe r  the y ar e zero ,  equa l  o r  unequa l 
(Cheng ,  1995) .  Ther e ar e 7  differen t  configuration s fo r 
pair s o f  initia l  velocities ,  U-configurations .  (Th e sam e 
applie s fo r  final  velocities. )  Figure s 1  an d 2  sho w differen t 
configurations .  Fo r  differen t  ratio s o f  th e masses ,  alternat e 
final  velocit y configuration s ca n resul t  fro m eac h U-config -
uration .  Combinin g initia l  an d final  velocit y configurations , 
ther e ar e 4 1 possibl e complet e configurations .  Eac h corre -
spond s t o differen t  structura l  form s o f  th e L E D s ,  s o thi s 
provide s a  convenien t  w a y t o recor d an d asses s th e 
behaviou r  o f  subjects . 

Method 

Design. There were three experimental learning trial condi-
tions .  (1 )  Th e L E D grou p use d ReMIS-C L wit h th e tw o 
LEDs.  (2 )  Th e N u m grou p use d numerical/formul a versio n 
ReMIS-C L whic h ha d th e animate d simulatio n bu t  no t  th e 
L E D s.  I n thei r  plac e were :  (i )  a  temporall y ordere d tabl e o f 
previou s set s o f  value s fro m whic h particula r  case s coul d b e 
simpl y selected ;  and ,  (ii )  a  structurei d tabl e o f  curren t  value s 
of  th e variable s alon g wit h value s o f  m o m e n t u m an d energ y 
term s fo r  eac h bod y befor e an d afte r  collision .  Th e value s 
of  th e variable s coul d b e change d b y selectin g a  variabl e an d 
typin g a  n e w value .  (3 )  Th e C o n grou p wa s a  non-interven -
tio n contro l  group ,  s o di d no t  us e eithe r  versio n o f  th e 
system . 

Subjects. The subjects were first year undergraduate 
physic s student s a t  th e Universit y o f  Nottingham .  The y 
participate d i n th e experimen t  durin g a  weekl y compute r 
programmin g class .  Give n th e constraint s o n th e organiza -
tio n o f  th e class ,  whic h wa s ru n i n si x  separat e groups ,  i t 
was no t  possibl e t o randoml y assig n subject s t o th e thre e 
experimenta l  conditions .  Pair s o f  clas s group s mad e u p 
eac h o f  th e thre e experimenta l  groups . 

Materials and Procedure. The experiment included: a pre-
tes t  o f  th e subject s knowledg e o f  th e domain ;  a  learnin g trai l 
on th e syste m (no t  wit h th e C o n group) ;  and ,  a  post-tes t 
simila r  t o th e pre-test .  Th e tria l  immediatel y followe d th e 
pre-tes t  an d th e post-tes t  followe d a  fortnigh t  later .  Pre-tes t 
and post-test s laste d 2 0 minute s an d th e tria l  3 0 minutes . 

A Co n 

Pr» Post 
T»st 

Figur e 3 :  M e a n Score s 

The pre-test had four sections. The first asked the subjects 
t o stat e th e law s an d writ e th e equation s governin g elasti c 
collisions .  Th e secon d sectio n ha d thre e qualitativ e ques -
tion s i n whic h th e on e o r  mor e outcome s o f  particula r 
collision s ha d t o b e given .  Fo r  example ,  wha t  ar e th e possi -
bl e outcome s whe n th e ball s hav e differen t  masse s bu t  the y 
approac h fro m opposit e direction s wit h th e sam e speed ? 
Th e thir d sectio n include d tw o question s abou t  extrem e 
cases ,  i n whic h outcome s o f  collision s wit h larg e speed s o r 
masses wer e considered .  Th e final  sectio n wa s a  quantita -
tiv e questio n i n whic h a n exac t  solutio n ha d t o b e calcu -
lated .  Th e question s wer e writte n i n Englis h an d accompa -
nie d b y a  simpl e diagra m depictin g th e situatio n (no t  a 
L E D ) .  Subject s responde d b y makin g annotate d sketches . 
Most  subject s ha d insufficien t  tim e t o complet e th e las t 
(quantitative )  section ,  s o i t  wil l  no t  b e considere d here .  Th e 
post-tes t  wa s simila r  t o th e pre-test ,  excep t  th e first  sectio n 
was replace d b y a  genera l  questio n abou t  wha t  the y ha d 
though t  the y ha d learn t  usin g th e system .  Th e L E D an d 
N u m group s wer e als o give n a  pictur e o f  th e ReMIS-C L in -
terfac e the y ha d used . 

Durin g th e trial s th e L E D an d N u m group s worke d i n 
pairs .  The y wer e give n a  shee t  tha t  describe d ho w t o us e th e 
system .  Fo r  th e L E D grou p thi s include d a  brie f  descriptio n 
of  th e I D P diagra m an d th e V - V graph .  Th e subject s wer e 
tol d t o us e th e syste m t o find  ou t  a s m u c h a s the y coul d 
abou t  elasti c collision s an d give n a  lo g shee t  o n whic h t o 
recor d thei r  discoveries .  R e M I S - C L logge d th e action s 
performe d b y th e subjects . 

For  th e purpose s o f  analysis ,  onl y thos e subject s wh o di d 
bot h th e pre-tes t  an d post-tes t  ar e considered .  Th e group s 
number s were :  L E D = 2 5 .  N u m = 2 7 an d Con=36 . 

Results 

The subjects had reasonable conceptual understanding of the 
domain ,  wit h 9 7 % an d 7 6 % knowin g tha t  m o m e n t u m an d 
energ y conservatio n laws ,  respectively .  Ther e wer e n o 
apparen t  difference s amon g th e thre e experimenta l  group s i n 
thi s respect . 
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Grou p 

L E D 

N um 

LED/Nu m 

p (/test ) 

Operation s 

132 

52. 5 

2.5 1 

<.00 1 

Proportio n o f 
simulation s 

0.2 6 

0.4 4 

0.6 0 

<.00 1 

Rati o o f  sim -
ulatio n serie s 

0.04 0 

0.09 2 

0.4 4 

<.00 1 

Proportio n o f 
valu e change s 

0.5 6 

0.4 7 

1.2 1 

<.00 1 

Rati o o f  valu e 
chang e serie s 

0.1 3 

0.09 3 

1.3 7 

<0.0 1 

Tabl e 1 :  Number s an d Type s o f  Operation s 

Figur e 3  contrast s th e averag e pre-tes t  an d post-test s 
score s fo r  al l  thre e group s o n th e qualitativ e problems .  Th e 
score s wer e th e sum ,  fo r  al l  thre e questions ,  o f  th e numbe r 
of  correc t  outcome s les s th e numbe r  o f  incorrec t  outcomes . 
The lowes t  an d highes t  score s observe d wer e - 5 an d +5 . 
Ther e wa s a  significan t  increas e i n th e L E D group' s scor e 
pre-tes t  t o post-tes t  (r = 2.66 ,  p=0.014) ,  bu t  th e scor e fo r 
N um grou p wa s unchange d an d th e sligh t  decreas e o f  th e 
Con grou p wa s no t  significan t  (r=0.80 ,  p>.l) .  Th e differ -
ence i n th e pre-tes t  score s o f  th e L E D grou p an d th e Co n 
grou p wa s significan t  (r=2.4 ,  p<.05) .  I n a  3 X 2 mixe d 
A N O VA o f  th e 3  group s an d th e 2  tests ,  ther e wer e n o 
significan t  effect s o f  grou p o r  tim e o f  test ,  bu t  ther e wa s a 
significan t  interactio n (F2,85=3.66 ,  p<.05) .  Ther e wer e 
stron g an d significan t  correlation s betwee n pre-tes t  an d 
post-tes t  score s o f  th e N u m an d Co n subject s (Pearson ; 
r=0.75 ,  p<.001 ,  an d r=0.62 ,  p<.001 ,  respectively) ,  bu t  th e 
L ED grou p ha d a  wea k (no n significant )  correlatio n (r=0.17 , 
p>.05) .  Th e L E D group' s qualitativ e reasonin g ha s 
improved .  Th e N u m an d Co n groups '  hav e not ,  an d i t 
appear s tha t  ther e ha s bee n littl e chang e i n performanc e a t 
th e leve l  o f  individua l  subjects . 

Tabl e 1  show s variou s averag e measure s o f  th e behaviou r 
of  th e L E D an d N u m group s i n th e trials .  Th e L E D grou p 
performe d 2. 5 time s mor e operation s tha n th e N u m group . 
Value s change s an d simulatio n run s wer e th e mos t  commo n 
operations .  However ,  a s a  proportio n o f  th e numbe r  o f 
operation s o f  eac h subject ,  th e L E D grou p di d significantl y 
more valu e change s an d ra n fewe r  simulation s tha n th e N u m 
group .  N u m subject s ofte n performe d serie s o f  tw o o r  mor e 
consecutiv e operation s o f  th e sam e kind ;  e.g. ,  runnin g th e 
simulatio n thre e time s i n a  row ,  wit h th e sam e values .  Th e 
rati o o f  th e number s o f  suc h serie s o f  operation s t o th e tota l 
number  o f  operations ,  pe r  subject ,  ar e als o show n i n Tabl e 
1.  Fo r  example ,  o n average ,  1 3 % o f  operation s b y L E D 
subject s wer e change s t o th e value s followe d b y a  serie s o f 
at  leas t  on e mor e chang e i n th e values .  Th e L E D grou p ha d 
significantl y fewe r  simulatio n serie s an d significantl y mor e 

serie s o f  change s o f  value s tha n th e N u m group .  Th e L E D 
grou p ha d thre e time s th e rafi o o f  valu e chang e serie s t o 
simulatio n series ,  wherea s th e N u m grou p ha d nearl y equa l 
ratios .  Thi s implie s tha t  th e tw o group s ma y b e doin g 
differen t  kind s o f  reasoning ,  whils t  usin g th e system . 

Simpl e measure s o f  th e distributio n o f  U-configuration s 
and complet e configuration s wer e devised ,  suc h tha t  unit y 
indicate s a n eve n distributio n i n whic h ther e ar e equa l 
number s o f  al l  th e differen t  configuration s an d zer o indi -
cate s a  maximall y skewe d distributio n i n whic h onl y on e 
configuratio n i s present .  Large r  value s (approachin g 1 ) 
indicat e tha t  a  subjec t  ha s explore d mor e o f  th e spac e o f 
configurations .  Tabl e 2  show s th e score s fo r  th e tw o 
groups ,  obtaine d b y analysin g th e log s o f  subject s o n 

Grou p U Complet e 
L E D 

N um 

0.5 6 

0.4 7 

0.3 0 

0.2 0 

LED/Nu m 1.1 9 1. 5 

p(nest )  .l>p>.0 5 <.00 1 

Table 2: Measures of configuration distributions 

ReMIS-CL. Both scores for the LED group were higher 
tha n thos e o f  th e N u m group ,  althoug h onl y th e differenc e i n 
th e complet e configuratio n score s wa s significant .  L E D 
subject s ar e explorin g a  greate r  rang e o f  th e possibl e 
configuration s o f  collisions . 

Tabl e 3  show s correlation s fo r  comparison s o f  U-configu -
ration s wit h othe r  measure s o f  performanc e o n th e systems . 
The L E D grou p seem s t o hav e mor e thoroughl y explore d 
th e spac e o f  differen t  configuration s b y concentratin g o n 
valu e change s a s oppose d t o run s o f  th e simulation ,  show n 
by th e significan t  posifiv e correlation s betwee n th e U -
configuratio n distributio n an d valu e changes ,  bot h 
proportio n an d serie s measures .  Ther e ar e wea k negativ e 
correlation s fo r  simulatio n measure s an d U-configuration s 

L E D 

P 
N um 

P 

Complet e configuratio n 
distributio n 

0.8 6 

<.00 1 

0.7 9 

<.00 1 

Proportio n o f 
simulation s 

0.1 9 

>.0 5 

-0.3 3 

>.0 5 

Rati o o f  sim -
ulatio n serie s 

-0.0 6 

>.0 5 

-0.3 0 

>.0 5 

Proportio n o f 
valu e change s 

0.6 2 

<.0 1 

0.2 3 

>.0 5 

Rati o o f  valu e 
change s serie s 

0.6 8 

<.00 1 

0.1 8 

>.0 5 

Tabl e 3 :  Correlation s betwee n U-configuratio n distributio n an d othe r  tria l  measure s 
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fo r  th e N u m group ,  whic h implie s tha t  runnin g mor e 
simulation s coincide s wit h les s exploratio n o f  th e spac e o f 
configurations . 

The result s fo r  th e tw o extrem e problem s wer e similar , 
wit h a  significan t  improvemen t  i n L E D subject' s scor e pre -
tes t  t o post-test ,  bu t  n o significan t  improvement s i n eithe r 
th e C o n o r  th e N u m groups .  However ,  th e detail s o f  th e 
result s o f  th e extrem e cas e question s ar e consisten t  wit h th e 
qualitativ e question s results ,  the y ad d littl e t o th e interpreta -
tio n o f  th e result s (i n th e nex t  section) ,  s o ar e no t  reporte d 
here ,  du e t o limite d space . 

Discussion of Results 

The experiment has shown that LEDs implemented as 
interactiv e diagram s ca n b e effectiv e fo r  learnin g abou t 
qualitativ e relation s an d extrem e case s i n th e domai n o f 
elasti c collisions .  Thi s outcom e i s noteworthy ,  becaus e th e 
duratio n an d for m o f  th e intervention .  Th e subject s ha d a 
shor t  tim e o n th e system ,  3 0 minutes .  The y wer e no t  give n 
a carefull y designe d serie s o f  activities ,  bu t  merel y tol d t o 
loo k fo r  interestin g relation s o r  patterns .  A s th e L E D grou p 
was th e onl y on e t o improve ,  i t  appear s tha t  th e gai n ca n b e 
attribute d t o th e rol e o f  th e L E D s .  Alternativ e explanation s 
wil l  b e considere d an d show n t o b e implausible . 

Compariso n o f  th e N u m an d L E D group s show s tha t  th e 
mer e us e o f  a  compute r  base d syste m wit h a n animate d 
simulatio n i s no t  responsibl e fo r  th e gain .  Th e N u m grou p 
use d th e simulatio n mor e tha n th e L E D group .  Th e 
differenc e betwee n th e pre-tes t  score s o f  th e C o n an d th e 
L E D group s wa s likel y du e t o th e non-rando m assignmen t 
of  th e subject s t o th e experimenta l  conditions ,  whic h wa s 
beyon d th e contro l  o f  th e experimenter .  Thus ,  i t  i s  possibl e 
t o argu e tha t  th e effec t  i s  du e t o repeate d testing ,  i f  tw o 
assumption s ar e made .  First ,  th e Co n grou p ar e experienc -
in g a  ceilin g effect ,  s o repeate d testin g wil l  no t  resul t  i n a n 
improvement .  Second ,  th e N u m grou p doe s improv e du e t o 
repeate d testing ,  bu t  thi s i s matche d b y a n equa l  degradatio n 
du e t o th e us e o f  th e numerical/formul a versio n o f  th e 
system ,  fo r  som e unknow n reason .  Thi s alternativ e i s les s 
likel y tha n th e explanatio n tha t  th e improvemen t  i s du e t o 
th e L E D s ,  becaus e i t  i s  mor e convolute d an d th e assump -
tion s ar e no t  secure .  First ,  i t  i s  unlikel y tha t  th e Co n grou p 
i s experiencin g a  ceilin g effect ,  becaus e thei r  averag e scor e 
of  1. 2 i s m u c h les s tha n th e m a x i m u m qualitativ e proble m 
scor e o f  5 .  Th e secon d assumptio n i s als o weak ,  becaus e i t 
require s tw o independen t  processe s simultaneousl y workin g 
t o produce d effect s tha t  cance l  eac h othe r  out .  Th e stron g 
and highl y significan t  correlatio n betwee n th e N u m subjects ' 
pre-tes t  an d post-test s score s suggest s tha t  n o processe s ar e 
at  work ,  rathe r  tha n tw o independen t  ones . 

The improvemen t  i n th e L E D group' s scor e fro m signifi -
cantl y belo w t o jus t  abov e th e C o n grou p migh t  b e 
explaine d b y contendin g tha t  th e L E D grou p wa s mor e 
highl y motivated ,  becaus e the y kne w less .  Thi s i s unlikel y 
give n th e lac k o f  chang e i n th e N u m grou p an d th e smal l 
absolut e (thoug h significant )  differenc e betwee n th e L E D 
and N u m pre-tes t  scores . 

Further ,  ther e ar e goo d reason s t o positivel y attribut e th e 
improvemen t  o f  th e L E D subject s t o th e LEDs .  Par t  o f  th e 
explanatio n o f  w h y th e L E D grou p improved ,  bu t  th e N u m 
grou p di d not ,  ma y b e th e shee r  number s o f  operation s tha t 
th e L E D grou p di d compare d t o th e N u m group ,  tw o an d a 
hal f  time s a s many .  Thi s differenc e ca n itsel f  b e explaine d 
i n a t  leas t  tw o ways .  First ,  th e L E D versio n o f  th e syste m i s 
easie r  t o use ;  a  huma n compute r  interactio n factor .  Th e 
ID P diagra m an d th e V - V grap h ca n b e quickl y change d b y 
re-sizin g a  line .  Wit h th e numerical/formul a syste m i t  wa s 
necessar y t o selec t  th e variabl e an d the n typ e th e require d 
valu e a t  th e keyboard ,  a  slowe r  process .  However ,  thi s 
operationa l  facto r  i s no t  sufficien t  t o explai n th e whol e 
difference . 

The secon d explanation ,  whic h i s itsel f  a n explanatio n o f 
th e relativ e succes s o f  th e L E D group ,  i s i n term s o f 
difference s i n th e type s o f  reasonin g tha t  th e L E D an d N u m 
subject s wer e doing .  Th e N u m subject s appea r  t o hav e bee n 
spendin g tim e relatin g th e value s o f  th e variable s t o th e 
simulations ,  i n th e case s the y examined .  Th e N u m group' s 
greate r  proportio n o f  simulation s an d rati o o f  th e simulatio n 
serie s ar e indication s o f  th e loa d impose d b y th e nee d t o 
interpre t  eac h se t  o f  values .  Fo r  a  particula r  case ,  N u m 
subject s wer e mor e likel y t o ru n th e simulatio n severa l 
times ,  seemingl y i n a n attemp t  t o gai n a n appreciatio n o f  th e 
for m o f  th e collision .  Th e L E D subjects ,  o n th e othe r  hand , 
ca n quickl y ge t  a n appreciatio n o f  th e for m o f  a  collisio n b y 
lookin g a t  th e I D ? diagram .  Th e directio n o f  th e arrow s 
and thei r  length s make s th e for m o f  th e collisio n availabl e 
by mean s o f  a  quic k perceptua l  inferences .  Thus ,  i t  appear s 
tha t  L E D s subject s m a y hav e bee n comparin g successiv e 
collisions ,  rathe r  tha n individua l  cases ,  give n thei r  greate r 
proportio n o f  valu e change s an d rati o o f  valu e chang e series . 

Th e explanatio n o f  th e differenc e betwee n th e L E D grou p 
and th e N u m grou p goe s deepe r  tha n th e fac t  tha t  th e L E D 
subject s coul d mor e quickl y examin e a  greate r  numbe r  o f 
collisions .  Remember  tha t  th e measure s o f  valu e change s 
and run s o f  th e simulation s ar e relativ e t o th e tota l  numbe r 
of  operation s execute d b y eac h subject ;  thu s th e rat e a t 
whic h L E D subject s examine d differen t  collision s wa s 
greate r  tha n th e N u m subjects .  This ,  an d th e fac t  tha t  th e 
L E D grou p examine d a  greate r  numbe r  o f  differen t 
collision s (highe r  configuratio n distributio n measures) , 
implie s tha t  th e L E D s see m t o mak e i t  easie r  fo r  th e subject s 
t o conside r  differen t  form s o f  collisions .  I n th e ID P 
diagra m an d th e V - V graph ,  th e differen t  collisio n ar e 
distinc t  pattern s o r  shapes ,  s o considerin g differen t  form s o r 
configuration s require s relativel y les s cognitiv e effor t  tha n 
attemptin g t o distinguis h differen t  case s fro m set s o f  numer -
ica l  values .  Not e tha t  th e availabilit y  o f  a  tabl e o f  previou s 
value s di d no t  appea r  t o hel p th e N u m group .  T o som e 
extent ,  th e L E D s appea r  t o m a k e mor e o f  th e spac e o f 
configuration s o f  collisio n accessibl e t o th e syste m users . 

General Discussion 

Some general implications for instruction and learning in 
technica l  domain s follow s fro m th e finding s o f  thi s study . 
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Providin g compute r  base d diagram s tha t  mak e th e underly -
in g relation s o f  a  domai n mor e accessibl e t o proble m solver s 
may b e a n effectiv e wa y t o facilitat e th e learnin g o f  qualita -
tiv e relations .  L E D s mak e th e underlyin g law s o f  a  domai n 
more accessibl e b y ciq>turin g the m i n th e interna l  structur e 
of  diagram s an d b y havin g eac h diagra m represen t  on e 
instanc e o f  th e phenomenon .  Thi s mean s tha t  th e learne r  i s 
les s burdene d wit h th e tas k o f  interpretin g individua l  cases , 
so i s free r  t o examin e successiv e case s o r  t o conside r 
extrem e an d specia l  cases .  Suc h case s usuall y correspon d t o 
distinctiv e an d unexpected  pattern s i n L E D s ,  whic h wil l 
challeng e an d hel p refin e th e learner s understandin g o f  th e 
rule s governin g th e for m o f  th e LEDs .  Hence ,  ther e seem s 
t o b e a  doubl e benefi t  i n makin g th e relation s readil y 
accessible . 

The findings  o f  thi s experimen t  ar e consisten t  wit h th e 
previou s smal l  scal e experimen t  o n R e M I S - C L (Cheng , 
1994 ,  1995) .  I n tha t  experimen t  th e subject s w h o success -
full y use d th e L E D s i n th e post-tes t  wer e th e one s wh o ha d 
obtaine d th e mos t  complet e understandin g o f  th e constraint s 
of  th e LEDs .  The y achieve d thi s b y explorin g mor e o f  th e 
spac e o f  possibl e configuration s o f  th e LEDs .  Bot h experi -
ment s sugges t  th e importanc e o f  examinin g a  wid e rang e o f 
case s durin g learnin g wit h L E D s ,  bu t  thi s sam e approac h 
may b e effectiv e wit h othe r  representations .  B y explorin g 
more o f  th e spac e o f  possibl e configuration s o f  th e 
phenomenon ,  th e learne r  wil l  se e a  greate r  variet y o f  th e 
correc t  form s o f  expression s i n a  representatio n an d thu s 
hav e greate r  variet y o f  distinc t  case s ove r  whic h t o induc e 
th e relation s underlyin g th e phenomenon .  Investigatin g 
extrem e case s i s mor e likel y t o provid e usefu l  informatio n 
fo r  establishin g th e boundar y condition s o f  a  la w tha n 
merel y examinin g norma l  o r  typica l  cases . 

The L E D approac h i s no w briefl y contraste d wit h som e 
example s o f  othe r  researc h o n compute r  base d system s fo r 
physic s learning .  Whiteloc k e t  al .  (1993 )  hav e als o studie d 
learnin g abou t  collision s an d hav e show n tha t  fault y causa l 
model s ca n b e challenge d wit h a  compute r  simulation .  Thi s 
i s  consisten t  wit h White' s (1993 )  findings.  Althoug h no t  i n 
th e sam e domain .  White' s approac h i s interestin g becaus e i t 
provide s learner s wit h correc t  intermediat e causa l  model s 
(ICMs) ,  i n additio n t o animate d compute r  simulations . 
ICMs ac t  a s bridg e fo r  th e conceptua l  gul f  betwee n abstrac t 
genera l  law s an d observation s o f  phenomena .  Childre n 
hav e successfull y learn t  abou t  Newtonia n dynamic s wit h 
ICMs ,  achievin g a  leve l  o f  understandin g matchin g student s 
beginnin g undergraduat e scienc e programs . 

L E Ds ma y als o b e considere d a s representation s a t  a n 
intermediat e leve l  o f  abstraction .  However ,  L E D s captur e 
th e forma l  relation s define d b y th e law s o f  a  domai n i n a 
constrain t  base d manner ,  rathe r  tha n portrayin g causation . 

Ploetzne r  e t  ai' s  (1990 )  DiB i  syste m i s a n intelligen t 
tutorin g syste m fo r  elasti c collision s tha t  aim s t o suppor t 
and guid e student s i n thei r  constructio n o f  soun d domai n 
representations .  I n contrast ,  R e M I S - C L i s a  discover y 
learnin g environmen t  tha t  ha s n o buil t  i n intelligenc e o r 
studen t  model ,  bu t  i t  explicitl y  provide s correc t  domai n 
representations  i n th e fon n o f  LEDs . 

The presen t  stud y ha s demonstrate d th e effectivenes s o f 
L E Ds fo r  learnin g abou t  som e qualitativ e relation s an d 
exu-em e case s i n th e domai n o f  elasti c collisions .  I t  ha s als o 
provide d a  bette r  understandin g o f  som e o f  th e processe s 
involve d i n effectiv e learnin g wit h LEDs .  However ,  man y 
issue s ar e raise d b y thi s an d th e researc h mentione d above . 
Wil l  L E D s b e usefu l  t o student s attemptin g t o develo p 
conceptua l  understandin g o f  a  domain ? Ca n L E D s b e 
effectiv e fo r  student s w h o hav e les s experienc e i n physic s 
and w h o ar e muc h younger ? H o w importan t  i s i t  t o hav e 
tw o complementar y L E D s ,  suc h a s th e ID P diagra m an d th e 
V - V graph ,  i n a  singl e system ? Ongoin g researc h i s 
attemptin g t o addres s thes e questions . 
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