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A n Empirica l  Investigatio n O f  L a w Encodin g D i a g r a m s F o r  Instructio n 

Peter C-H. Cheng 
E S RC Centr e fo r  Researc h i n Development ,  Instructio n an d Trainin g 

Departmen t  o f  Psychology ,  Universit y o f  Nottingha m 
Universit y Park ,  Nottingha m N G 7 2 R D ,  Unite d K ingdo m 

p c c @ p s y c . n o t t . a c . u k 

Abstrac t 

Law Encoding Diagrams, LEDs, are knowledge 
representation s tha t  correctl y encod e system s o f  on e o r  mor e 
law s usin g th e geometri c and/o r  th e topologica l  strucnir e o f 
diagrams .  I n a n instructiona l  role ,  LED s ai m t o focu s learnin g 
on th e forma l  relation s define d b y th e correc t  laws ,  whils t 
usin g diagrammati c representation s t o ai d comprehension . 
LEDs ca n b e viewe d a s intermediat e representation s tha t  ai m 
t o bridg e th e conceptua l  gul f  betwee n abstrac t  law s an d th e 
behaviou r  o f  phenomena .  I t  i s  anticipate d LED s wil l  b e 
adopte d a s ke y model s i n th e foundatio n o f  expertise .  Thi s 
pape r  describe s a n investigatio n i n whic h L E D s fo r 
momentum an d energ y conservatio n wer e use d fo r  instruction . 
The LED s wer e implemente d i n a  compute r  base d discover y 
learnin g environmen t  an d th e subject s give n onl y minima l 
instructio n o n thei r  us e i n proble m solving .  However ,  hal f  th e 
subject s use d th e LED s fo r  successfu l  post-tes t  solution s o f 
differen t  classe s o f  proble m an d exhibite d strategie s tha t  wer e 
expert-like ,  i n marke d contras t  t o thei r  novice-lik e pre-tes t 
performance . 

In t roduc t io n 

Law Encoding Diagrams, LEDs, are knowledge 
representation s tha t  correctl y encod e th e underlyin g 
relation s o f  a  law ,  o r  a  syste m o f  simultaneou s laws ,  usin g 
th e geometri c and/o r  th e topologica l  structur e o f  diagram s 
(Cheng ,  1993 ,  1994a) .  Th e basi c ide a o f  thi s nove l  concep t 
i s  t o exploi t  th e benefit s tha t  diagram s confe r  o n th e makin g 
of  inferences ,  whils t  ensurin g th e representation s formall y 
captur e th e relation s define d b y th e laws .  Ther e ar e 
potentia l  computationa l  advantage s o f  usin g diagrammati c 
and externalise d representation s o f  informatio n i n proble m 
solvin g (Larki n &  Simon ,  1987 ;  Larkin ,  1989) .  B y formall y 
encodin g th e law s i n th e structur e o f  diagrams ,  lega l 
manipulation s o f  L E D s wil l  alway s resul t  i n correc t 
inferences ,  consisten t  wit h th e underlyin g laws .  Differen t 
use s o f  L E D s ar e possible .  Fo r  example ,  Chen g an d Simo n 
(1992 ,  an d i n press )  describ e th e us e o f  L E D s i n th e 
inductio n o f  scientifi c  laws .  Chen g (1993 ,  1994a ,  an d 
forthcoming )  discusse s th e us e o f  L E D s fo r  instructio n i n 
science ,  engineerin g an d mathematics .  Othe r  use s o f  L E D s 
ar e als o bein g explored . 

Thi s pape r  deal s wit h L E D s i n instructio n b y investigatin g 
h o w proble m solvin g performanc e i s  affecte d b y th e 
experienc e o f  L E D s i n a  compute r  base d discover y learnin g 
environment .  Thi s i s th e firs t  forma l  empirica l  evaluatio n o f 

L E D s.  Th e instructiona l  domai n wa s th e collisio n o f  elasti c 
bodies .  Th e investigatio n provide s evidenc e tha t  L E D s ar e 
likel y t o b e effectiv e fo r  instruction .  Th e followin g sectio n 
present s th e tw o L E D s use d i n th e investigatio n an d als o 
describe s thei r  implementatio n i n th e R e M I S - C L compute r 
base d discover y learnin g environment .  Th e nex t  sectio n 
consider s possibl e type s o f  reasonin g wit h L E D s an d thei r 
rol e i n instruction .  Th e procedur e o f  th e investigatio n i s 
the n outline d an d th e outcome s described .  Ther e is ,  finally , 
a discussio n o f  h o w th e finding s provid e encouragin g 
suppor t  fo r  th e effectivenes s o f  L E D s i n instruction , 
followe d b y som e genera l  consideration s i n th e conclusion . 

LEDs for Elastic Collisions 

A Law Encoding Diagram, LED, is a representation that 
correctl y encode s th e underlyin g relation s o f  a  law ,  o r  a 
syste m o f  simultaneou s laws ,  i n th e structur e o f  a  diagra m 
by th e mean s o f  geometri c an d topologica l  constraints .  Fo r 
example ,  a  L E D fo r  a  la w conventionall y state d a s a n 
algebrai c formul a m a y us e diagrammati c elements ,  suc h a s 
line s an d shapes ,  t o stan d fo r  variables .  Th e relation s 
define d b y th e formul a woul d b e capture d b y geometri c an d 
topologica l  relations ,  suc h a s congruence ,  adjacenc y an d 
symmetry .  Th e differenc e betwee n L E D s an d othe r 
diagrammati c representations ,  suc h a s Cartesia n graphs ,  wil l 
become cleare r  a s th e propertie s o f  L E D s ar e discusse d 
below .  L E D s fo r  a  particula r  domai n ar e considere d here . 

Perfectl y elasti c collision s ar e importan t  i n physics , 
becaus e bot h m o m e n t u m an d energ y conservatio n ar e 
involved .  Th e clas s o f  collision s deal t  wit h her e ar e impact s 
betwee n tw o bodie s (balls )  travellin g i n a  straigh t  line .  Th e 
collision s ar e governe d b y th e law s o f  m o m e n t u m 
conservatio n an d energ y conservatio n (se e Cheng , 
forthcoming ,  fo r  description s o f  conventiona l  proble m 
solvin g strategie s i n thi s domain) . 

T wo L E D s tha t  encod e th e law s fo r  thes e elasti c collision s 
are :  th e one-dimensiona l  propert y diagra m an d th e velocity -
velocit y graph .  T h e one-dimensiona l  propert y diagra m 
( ID P diagram )  use s line s t o represen t  magnitude s o f 
velocitie s an d masse s o f  th e bodies .  Thre e example s ar e 
show n i n Figur e I ,  eac h depict s a  singl e collision .  Th e line s 
Ul  an d U 2 ar e th e velocitie s o f  th e tw o ball s befor e impact ; 
i n Figur e l a the y happe n t o b e approachin g fro m differen t 
direction s bu t  wit h equa l  speeds .  V I  an d V 2 ar e th e 
velocitie s o f  th e bodie s afte r  collision ;  i n Figur e l a th e tw o 
bodie s ar e movin g apar t  wit h equa l  speeds .  Masse s lines . 
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Figur e 1 :  One-dimensiona l  propert y diagrams . 

ml  an d m2 ,  ar e draw n equidistan t  betwee n th e U 1 — V2 an d 
V I — V2 lines .  Th e rati o o f  th e length s o f  m l  an d m 2 i s 
equa l  t o th e rati o o f  th e masse s o f  th e tw o balls ;  i n Figur e l a 
the y ar e equal . 

L E Ds utilis e th e geometri c an d topologica l  structur e o f 
thei r  diagram s t o encod e law s i n th e for m o f  diagrammati c 
constraints .  Th e constraint s are ,  i n effect ,  th e rule s fo r  th e 
lega l  manipulatio n o f  a  L E D ,  an d mus t  al l  b e satisfie d fo r 
th e L E D t o b e correct .  Ther e ar e elementar y constraints , 
suc h a s th e length s o f  line s bein g i n proportio n t o th e 
magnitude s o f  variables ,  an d mor e comple x law-encodin g 
constraints .  Th e I  D P diagra m ha s thre e o f  th e latter :  (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 final  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 I — 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 .  Th e constraint s i n thi s L E D ar e relativel y simple . 

Th e velocity-velocit y grap h (V- V grap h fo r  short )  plot s 
th e velocitie s o f  th e tw o bodie s o n separat e axes .  T w o 
example s ar e show n i n Figur e 2 ;  the y depic t  th e sam e 
collision s a s Figur e l a an d l b an d th e symbol s designat e th e 
same variables .  Th e arrow s i n th e grap h sho w th e velocitie s 
befor e an d afte r  collision .  Th e masse s ar e give n b y th e 
length s o f  th e labelle d line s i n th e triangl e a t  th e botto m lef t 
of  eac h V - V graph . 

Th e straigh t  diagona l  line s ar e constan t  m o m e n t u m 
contour s an d th e circl e o r  ellips e ar e constan t  energ y 
contours .  Ther e ar e 3  la w encodin g constraints ,  (i )  Th e 

momen tu m contou r  lin e passe s throug h th e point s fo r  initia l 
and 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 )  Th e centr e 
of  th e energ y circl e o r  ellips e i s a t  th e origi n o f  th e grap h 
and 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 masses ; 
V(my/m 2 ) •  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 ID P diagram . 
The V - V grap h an d th e ID P diagra m ar e tw o (o f  four ) 

L E Ds implemente d i n th e R e M I S - C L compute r  base d 
discover y learnin g environmen t  (Cheng ,  1993) .  I n an y L E D 
th e magnitude s o f  variable s ca n b e change d b y direc t  o n 
scree n manipulatio n o f  th e diagrammati c element s 
representin g them .  Th e syste m automaticall y update s th e 
manipulate d L E D an d an y other s tha t  ar e displayed .  I n th e 
presen t  investigatio n th e I D P diagra m an d th e V - V grap h 
wer e alway s displaye d an d th e subject s wer e fre e t o 
manipulat e eithe r  a t  an y time .  R e M I S - C L als o include s a n 
animate d simulatio n o f  th e curren t  collision ,  whic h i s playe d 
at  th e user s discretion . 

Pedagogy and Problem Solving 

One of the foundational ideas of LEDs is that an appropriate 
focu s fo r  learnin g i n mathematics ,  engineerin g an d scienc e 
i s wit h correc t  forma l  laws .  Comprehendin g th e law s 
provide s th e learne r  wit h possibilit y  o f  correct ,  precis e an d 
genera l  understandin g o f  th e concept s bein g taught .  Th e 
diagrammati c natur e o f  L E D s aim s t o mak e th e law s easie r 

b . 

"i.v , u,  , v 

Figur e 2 :  T w o Example s o f  Velocity-Velocit y Graph s 
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t o comprehen d tha n unde r  conventiona l  representations .  A 
desirabl e prospec t  i s fo r  learner s t o adop t  L E D s a s thei r 
basi c conception s i n particula r  domains ,  supplantin g 
existin g knowledg e tha t  i s incorrec t  o r  incomplete ,  bu t 
supplementin g existin g forma l  knowledg e wit h usefu l 
(externalised )  menta l  model s fo r  proble m solving . 

One wa y t o vie w L E D s i s i n term s o f  White' s (1989 , 
1993 )  conceptualisatio n o f  th e instructiona l  rol e o f 
intermediat e representations .  Intermediat e representation s 
bridg e th e conceptua l  gul f  betwee n abstrac t  mathematica l 
law s an d th e behaviou r  o f  phenomena .  Whit e propose s th e 
use o f  intermediat e causa l  model s tha t  represen t  causa l  an d 
tempora l  relation s importan t  fo r  explainin g phenomena . 
LEDs diffe r  b y emphasisin g th e underlyin g forma l  relation s 
of  th e law s the y encode .  Thus ,  learnin g wit h L E D s 
comprise s understandin g classe s o f  relation s an d 
interrelation s a t  differen t  level s o f  abstraction .  Ther e ar e 

thre e classes' :  (i )  relation s betwee n L E D s an d th e abstrac t 
forma l  law s (e.g. ,  th e constan t  energ y contour' s elliptica l 
shape ,  i n th e V - V graph ,  i s a  direc t  consequenc e o f  th e o f 
th e square d velocit y term s i n th e energ y conservatio n law) ; 
(ii )  relation s betwee n L E D s an d th e behaviou r  o f 
phenomeno n (e.g. ,  th e ID P diagra m an d V- V grap h depic t 
singl e collisions) ;  and ,  (iii )  relation s amon g differen t  L E D s 
(e.g. ,  ho w i s th e structur e o f  th e ID P diagra m reflecte d i n 
th e V- V graph?) . 

A potentia l  o f  L E D s i s t o mak e learner s reaso n mor e lik e 
experts ,  b y providin g the m wit h a  rang e o f  differen t  model s 
suitabl e fo r  solvin g differen t  classe s o f  problem s quickl y 
and efficiently .  Th e basi s fo r  L E D s i n instructio n i s 
discusse d i n mor e full y i n Chen g (1994a) .  Th e purpos e o f 
th e presen t  investigatio n wa s t o fin d empirica l  suppor t  fo r 
thes e claims . 

What  form s o f  reasonin g ca n b e conducte d wit h LEDs ? 
The ke y poin t  t o remembe r  i s tha t  the y encod e laws .  So ,  th e 
form s o f  reasonin g tha t  ca n b e conducte d unde r 
conventiona l  representation s ar e likel y t o hav e a 
diagrammati c equivalent .  (1 )  Quantitativ e reasonin g ca n b e 
performe d b y changin g th e siz e o f  diagrammati c element s 
representin g th e magnitude s o f  variables .  Fo r  example , 
when th e lengt h o f  a  velocit y lin e i s double d i n th e ID P 
diagram ,  th e magnitud e i s doubled .  (2 )  On e for m o f 
qualitativ e reasonin g wit h L E D s involve s graduall y 
changin g th e siz e o f  on e diagrammati c elemen t  an d 
watchin g ho w th e res t  o f  th e diagra m changes .  (3 ) 
Configurationa l  reasonin g i s qualitativ e reasonin g abou t 
differen t  phenomeno n states ,  distinguishe d b y singl e 
variable s bein g positive ,  negative ,  o r  zero ,  an d pair s o f 
variable s bein g equa l  o r  unequal .  (4 )  Extrem e cas e 
reasonin g consider s wha t  happen s whe n on e o r  mor e o f  th e 
variable s tend s t o som e limitin g value ,  suc h a s infinit y o r 
zero .  (5 )  L E D s permit s constrain t  base d reasoning ,  i n whic h 
th e valu e o f  an y variabl e ca n b e determine d whe n th e other s 
ar e known ,  irrespectiv e o f  th e whic h variable s wer e 
independen t  o r  dependen t  i n th e physica l  situation .  Fo r 
instance ,  th e rati o o f  masse s ca n b e foun d usin g th e ID F 

No pedagogica l  precedenc e i s implie d b y th e order . 

diagra m give n bot h pair s o f  velocities .  (6 )  L E D s naturall y 
suppor t  reasonin g a t  th e conceptua l  level ;  fo r  example ,  th e 
tw o contour s i n V - V grap h show s tha t  tw o law s gover n th e 
collisions .  Importan t  propertie s o f  L E D s fo r  mor e comple x 
problem s ar e thei r  compositionalit y an d extendibility .  (7 ) 
Composit e diagram s ca n b e constructe d b y joinin g togethe r 
LEDs;  fo r  instanc e t o explai n comple x serie s o f  collision s 
(e.g .  Newton' s Cradle) .  (8 )  L E D s ca n b e formall y modifie d 
t o cove r  extension s o f  th e encode d laws ;  fo r  exampl e th e 
ID P diagra m an d th e V - V diagra m ca n b e extende d t o cove r 
inelasti c collisions .  (9 )  L E D s ca n als o b e use d fo r 
debuggin g an d troubl e shooting .  Chen g (1994a )  discusse s 
thes e form s o f  reasonin g mor e full y an d give s detaile d 
examples .  Th e curren t  investigatio n provide s evidenc e tha t 
subject s ca n quickl y lear n t o solv e classe s o f  singl e collisio n 
problem s wit h LEDs . 

The Procedure 

The investigation was carried out with a total of six 
undergraduat e an d postgraduat e physic s an d engineerin g 
students .  Fou r  wer e doin g PhD s an d thre e ha d first  clas s 
honour s degrees .  The y ar e designate d b y initials :  N T ,  N G , 
TI ,  Q C ,  IP ,  SP .  Eac h subjec t  did :  (i )  a  pre-test ;  (ii )  a 
discover y learnin g sessio n usin g th e R e M I S - C L system , 
followin g th e pre-tes t  afte r  a  shor t  break ;  an d (iii )  a  post-tes t 
followin g approximatel y a  fortnigh t  later .  Eac h par t  i s 
describe d i n turn . 

The pre-tes t  wa s designe d t o asses s th e subjects ' 
conceptua l  knowledg e abou t  th e collision s an d t o examin e 
thei r  proble m solvin g methods .  Th e first  par t  o f  th e pre-tes t 
wer e question s abou t  relevan t  aspect s o f  th e subjects ' 
educatio n an d aske d wha t  law s o r  relation s governe d th e 
collisions .  Th e second ,  an d mai n part ,  o f  th e pre-tes t 
consiste d o f  problem s abou t  particula r  collisions .  Befor e 
attemptin g th e problem s th e subject s wer e give n a 
descriptio n o f  perfectl y elasti c collisions ,  includin g th e 
statemen t  tha t  energ y i s conserved .  Ther e wa s a  tota l  o f  1 4 
problems ,  whic h fal l  int o thre e group s (P I  t o P3) .  (PI ) 
Thes e wer e si x qualitativ e question s abou t  th e outcome s o f 
singl e collision s unde r  differen t  conditions ,  designe d t o 
examin e subjects '  knowledg e o f  differen t  configuration s o f 
collisions .  (P2 )  Thes e wer e tw o problem s dealin g wit h 
extrem e cases ,  b y presentin g serie s o f  collision s i n whic h 
one variabl e wa s increase d ove r  successiv e collisions .  (P3 ) 
Thes e wer e si x quantitativ e question s i n whic h th e value s o f 
differen t  pair s o f  variable s ha d t o b e calculated .  I n differen t 
problems ,  initia l  velocities ,  final  velocitie s an d masse s wer e 
th e unknowns .  Thi s pape r  wil l  concentrat e o n proble m 
classe s P I  an d P3 ,  only . 

The question s wer e printe d sheets ,  o n whic h th e subject s 
als o wrot e thei r  answer s an d di d thei r  workin g out .  The y 
wer e aske d t o thin k alou d an d vide o recording s wer e mad e 
throughout . 

The instructiona l  sessio n o n L E D s wa s base d aroun d th e 
R e M I S - C L discover y learnin g environment ,  an d wa s 
divide d i n t o thre e parts ,  (i )  Th e subject s first  learne d ho w 
t o us e th e progra m b y followin g printe d instruction s 
describin g ho w t o ru n th e simulatio n an d t o manipulat e th e 

173 



L E D s.  Th e instruction s containe d superficia l  description s o f 
th e law-encodin g constraint s o f  eac h L E D .  N o instructio n 
was give n o n proble m solvin g strategie s wit h L E D s ,  a 
significan t  point ,  (ii )  Ther e the n followe d a  free -
investigatio n perio d o f  u p t o 15  minutes ,  durin g whic h th e 
subject s wer e fre e t o tr y thing s ou t  o n th e system ,  (iii )  Th e 
final  an d longes t  par t  o f  th e sessio n ha d th e subject s us e th e 
progra m t o answe r  nin e ordere d question s abou t  elasti c 
collisions .  Th e question s wer e mor e open-ende d tha n th e 
pre-tes t  problems ,  askin g abou t  relation s rathe r  tha n 
outcome s o f  particula r  collisions .  Th e ai m wa s t o encourag e 
th e subject s t o discove r  relation s amon g th e variables ,  othe r 
tha n th e conservatio n laws .  Th e progra m logge d al l  th e 
input s mad e b y th e subject s an d vide o recording s wer e mad e 
whils t  th e subject s though t  aloud .  Eac h sessio n typicall y 
laste d 9 0 minutes . 

The post-test s wer e simila r  t o th e pre-test ,  bu t  ha d mino r 
changes .  Th e subject s wer e initiall y  aske d wha t  the y 
though t  the y ha d previousl y learne d an d whethe r  the y coul d 
reproduc e th e L E D s .  Th e subject s wer e the n show n a 
pictur e o f  th e L E D s ,  whic h the y kep t  fo r  th e remainde r  o f 
th e test .  Finally ,  th e subject s worke d o n collision s problem s 
equivalen t  t o thos e o f  th e pre-tes t  bu t  wit h superficia l 
alterations .  Th e subject s wer e fre e t o choos e wha t  eve r 
means the y wishe d t o solv e th e problems . 

LEDs In Problem Solving 

The subject performance in the three parts of the experiment 
wil l  b e describe d i n turn .  Th e subject s naturall y fal l  int o 
tw o groups ,  o f  three ,  accordin g t o variou s measure s o f  thei r 
behaviou r  an d performanc e i n th e compute r  base d tria l  an d 
th e post-test .  Th e group s wil l  b e calle d LED-user s (QC ,  SP , 
IP )  an d conventiona l  method s users .  (NT ,  N G ,  TI) . 
Referenc e t o th e group s wil l  b e m a d e durin g th e 
consideratio n o f  th e thre e part s o f  th e experiment . 

I n th e pre-test ,  al l  th e subject s kne w th e correc t  definition s 
of  m o m e n t u m an d energy ,  bu t  tw o ( N T an d IP )  di d no t 
initiall y  recal l  tha t  energ y conservatio n wa s require d fo r 
perfectl y elasti c collisions .  T w o mai n approache s wer e use d 
by al l  th e subject s fo r  proble m solvin g i n th e pre-test ,  whic h 
wil l  b e calle d th e informa l  an d th e formul a base d methods . 
Th e formul a base d metho d involve d writte n solution s usin g 
th e correc t  th e algebrai c form s o f  th e conservatio n laws . 
Subject s typicall y attempte d t o deriv e ne w formula s fo r  th e 
unknow n variable s fro m th e give n equations .  The y wer e 
mostl y successfu l  i n problem s tha t  require d onl y on e o f  th e 
tw o law s t o b e manipulate d fo r  th e solution .  However , 
when bot h law s ha d t o b e considered ,  t o find  final  velocitie s 
give n th e initia l  velocitie s an d th e masses ,  al l  th e subject s 
faile d t o successfull y complet e th e necessar y algebrai c 
manipulation s (eve n thos e wit h first  clas s honour s degrees) . 
Usin g th e formul a base d method ,  som e di d tw o page s o f 
algebrai c manipulation s an d calculations ,  t o n o avail .  A s a 
result ,  som e subject s resorte d t o crud e tria l  an d erro r 
substitutio n o f  value s int o th e equations ,  i n vai n attempt s a t 
makin g the m balance .  Th e informa l  metho d i s a  broa d 
categor y o f  th e othe r  form s o f  reasonin g tha t  subject s 
employed ,  whic h include d us e o f  intuition s an d experience s 

of  collision s an d vagu e unsystemati c theoretica l 
considerations .  Th e tw o method s wer e easil y distinguished . 
Th e formul a base d method s wer e mostl y use d o n th e 
quantitativ e problem s an d th e informa l  method s mainl y use d 
fo r  th e qualitativ e problems .  I n summary ,  pre-tes t  proble m 
solvin g strategie s wer e onl y partiall y  effectiv e an d ca n b e 
describe d a s relativel y novice-like . 

I n th e first  par t  o f  th e compute r  base d trial ,  subject s ha d 
no difficult y learnin g ho w th e syste m worke d b y followin g 
th e writte n instructions .  Th e subject s wer e effectiv e a t 
solvin g qualitativ e an d quantitativ e problem s wit h th e 
system .  Al l  th e subject s wer e abl e t o successfull y obtai n 
answer s t o quantitativ e questions ,  whic h the y ha d faile d t o 
find  i n th e pre-tes t  (wit h on e exception ,  cause d b y a  trivia l 
error) .  Th e subject s discovere d simpl e quantitativ e 
relations ,  whic h the y di d no t  previousl y know ;  fo r  example , 
when th e masse s o f  th e ball s ar e equal ,  th e final  velocit y o f 
eac h bal l  equal s th e velocit y o f  th e othe r  bal l  prio r  t o 
impact .  Ther e wa s a  genera l  preferenc e fo r  th e ID P 
diagram .  Durin g th e free-investigatio n an d proble m solvin g 
periods ,  th e mea n proportio n o f  operation s performe d wit h 
th e ID P diagra m active ,  wer e 6 8 % an d 8 7 % ,  respectively . 

Th e firs t  distinguishin g featur e o f  th e LED-user s i n 
contras t  t o th e conventional-method s grou p i s th e L E D -
users '  greate r  inclinatio n t o explore .  Fou r  measure s wer e 
goo d indicator s o f  thi s tendency ,  (i )  Th e LED-user s spen t 
mor e tim e o n th e syste m durin g th e free-investigatio n 
period ,  i n absolut e term s an d a s a  rati o o f  th e tota l  tim e o n 
th e compute r  base d trial ,  (ii )  The y performe d mor e 
operation s durin g th e free-investigatio n period .  Durin g th e 
instructio n an d free-investigatio n periods ,  the y examine d 
(iii )  a  greate r  variet y o f  types ,  o r  configurations ,  o f 
collision s an d (iv )  considere d a  greate r  rang e o f  th e ratio s o f 
th e masses .  Durin g th e proble m solvin g period ,  th e L E D -
user s an d th e conventiona l  method s group s di d no t  diffe r  o n 
thes e measures . 

Th e first  par t  o f  th e post-tes t  aske d th e subject s t o 
reproduc e th e LEDs .  Th e sketche s tha t  subject s mad e wer e 
score d o n a  list s feature s importan t  t o th e diagrammati c 
constraint s o f  th e tw o L E D s .  Th e LED-user s grou p 
reproduce d betwee n 5 0 an d 5 6 % o f  th e features ,  wherea s th e 
conventiona l  method s grou p reproduce d betwee n 1 9 an d 
2 5 %.  Th e conventiona l  methods-grou p member s wer e al l 
unabl e t o dra w an y relevan t  part s o f  th e I D P diagram .  Th e 
particula r  L E D chose n fo r  proble m solving ,  b y eac h L E D -
user ,  wa s th e on e fo r  whic h the y ha d recalle d th e mos t 
features ;  S P an d Q C preferre d th e I D P diagra m an d I P 
preferre d th e V - V graph . 

The post-tes t  showe d small ,  no t  statisticall y significant , 
improvement s i n th e qualitativ e proble m score s ove r  the , 
already ,  reasonabl e pre-tes t  scores .  Similarly ,  quantitativ e 
proble m score s wer e slightl y highe r  tha n th e pre-tes t  scores . 
Thi s overal l  increas e ca n b e mostl y attribute d t o S P an d Q C . 
The y dre w correc t  I D P diagram s fo r  al l  si x quantitativ e 
problem s (P3) .  Th e conventiona l  method s user s showe d 
littl e improvement ,  an d use d formul a o r  informa l 
approache s i n th e post-test .  I P di d poorl y i n mos t  attempt s 
at  usin g th e V - V graph ,  a s wil l  b e discusse d below . 

L E Ds wer e foun d i n 5 0 t o 7 9 % o f  th e solution s o f  L E D -
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Figur e 3 :  SP' s Solutio n t o a  quantitativ e problem . 

user s an d wer e distribute d ove r  ever y proble m category . 
The majorit y o f  L E D s solution s wer e i n th e for m o f  sketche s 
or  scal e drawings .  Th e exception s wer e QC' s correc t 
solution s t o th e qualitativ e problems ,  i n whic h Q C imagine d 
ho w th e I D P diagra m woul d appea r  i n differen t  collisio n 
configurations .  Al l  th e subject s checke d som e o f  thei r 
quantitativ e answers ,  b y substitutin g value s the y ha d 
obtaine d fro m th e L E D s int o th e correc t  laws ,  t o determin e 
whethe r  th e quantitie s wer e conserved .  Fo r  example , 
conside r  S P an d QC' s us e o f  th e I D P diagra m t o solv e a 
quantitativ e problem .  Th e proble m wa s t o find  th e final 
velocities ,  v ;  an d V2 ,  give n th e initia l  velocitie s wer e u/= 6 

and «2=-7 .  an d th e masse s wer e m /= 9 an d m2=4 .  Non e o f 

th e subject s solve d th e proble m correctl y i n th e pre-test .  I n 
th e post-test ,  S P an d Q C successfull y solve d th e proble m b y 
drawin g ID P diagram s an d the n doubl e checke d th e answer s 
wit h quic k calculations .  Figur e 3  show s SP' s solution ;  a t  th e 
to p i s SP' s I D P diagra m an d belo w th e initia l  an d fina l 
quantitie s o f  m o m e n t u m an d energ y wer e compute d an d 
foun d t o b e correctl y conserved . 

I P use d th e V - V graph ,  bu t  wa s no t  a s successfu l  a s Q C o r 
SP.  I n fou r  o f  th e quantitativ e questions ,  I P di d no t  use ,  o r 
faile d t o us e i t  successfully .  Thes e wer e al l  problem s 
involvin g unequa l  masse s tha t  require d th e applicatio n o f 
th e law-encodin g constrain t  relatin g th e eccentricit y o f  th e 
energ y ellips e t o th e square-roo t  o f  th e rati o o f  th e masses . 
Similarly ,  i n on e qualitativ e problem ,  I P dre w a  singl e 
energ y ellips e bu t  considere d thre e differen t  ratio s o f 
masses ,  s o foun d thre e outcome s whe n onl y on e i s possible . 
The nee d t o correctl y appl y thi s difficul t  law-encodin g 
constraint ,  an d th e fac t  tha t  th e subject s wer e no t  tol d 
explicitl y  abou t  th e constraints ,  i s  a  plausibl e explanatio n 
fo r  IP' s failures .  Thi s interpretatio n i s consisten t  wit h th e 

vie w tha t  th e eas e o f  us e o f  L E D s i s relate d t o th e 
complexit y o f  th e law-encodin g constraint s require d i n a 
particula r  problem . 

The abilit y  o f  th e L E D user s t o reproduc e th e feature s 
implie s tha t  the y comprehende d th e diagrammati c 
constraint s o f  th e LEDs .  Th e constraint s see m fundamenta l 
t o proble m solvin g wit h L E D s ,  s o th e correlatio n betwee n 
goo d recal l  an d thei r  subsequen t  us e i n proble m solvin g i s 
interesting . 

Mor e detail s o f  th e experimen t  an d th e subject s 
performanc e ca n b e foun d i n Chen g an d Serpel l  (1994) . 

Discussion 

For at least this one domain some positive conclusions can 
be draw n abou t  th e instructiona l  rol e o f  LEDs .  L E D s ca n b e 
an effectiv e basi s fo r  qualitativ e an d quantitativ e proble m 
solving .  Wit h n o instructio n o n proble m solvin g strategie s 
and a  minima l  descriptio n o f  th e law-encodin g constraints , 
some learner s wer e abl e t o successfull y solv e qualitativ e an d 
quantitativ e problems .  Give n a  fre e choice ,  hal f  th e subject s 
use d L E D s fo r  post-tes t  proble m solving ,  abandonin g th e 
formul a manipulatio n method s tha t  wer e dominan t  i n thei r 
scientifi c  education .  Thi s demonstrate s a  willingnes s o f  th e 
subject s t o adop t  L E D s a s th e basi s fo r  proble m solving , 
eve n thoug h th e exposur e t o the m wa s brief . 

LED-user s ca n b e considere d a s movin g toward s mor e 
expert-lik e reasonin g awa y fro m th e crud e an d ineffectiv e 
novice-lik e reasonin g i n th e pre-test .  Th e earlie r  laboriou s 
computation s wer e replace d b y drawing s o f  L E D s i n th e 
post-test ,  sometime s followe d b y simpl e calculation s usin g 
th e conservatio n law s t o cros s chec k th e value s found .  Th e 
LED-user s wer e choosin g t o us e a n efficien t  approac h t o 
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solv e th e give n problem s an d the n doubl e checkin g th e 
solution s obtaine d b y anothe r  independen t  means . 

The ide a o f  th e diagrammati c constraint s seem s t o b e a 
usefu l  theoretica l  concep t  fo r  understandin g th e us e o f 
LEDs.  Th e numbe r  o f  structura l  feature s o r  diagrammati c 
constraint s tha t  subject s successfull y reproduce d wa s on e o f 
th e importan t  characteristic s o f  th e LED-user s group .  Th e 
complexit y o f  th e constraint s explain s (perhap s determines ) 
th e relativ e eas e o f  proble m solvin g an d usefulnes s o f 
differen t  LEDs .  Th e ID P diagra m i s th e bette r  o f  th e tw o 
L E Ds i n thi s respect .  I t  ha s th e simples t  constraint s an d th e 
subject s usin g i t  her e wer e mor e successful .  V - V grap h 
may,  however ,  b e mor e usefu l  fo r  hig h leve l  conceptua l 
reasonin g (se e Cheng ,  1994a) . 

A possibl e explanatio n wh y th e conventional-method s 
grou p di d no t  us e th e LEDs ,  i n th e post-test ,  i s tha t  the y di d 
not  hav e a  fir m gras p o f  th e elementar y an d law-encodin g 
constraints .  Thi s i s show n b y thei r  poo r  reproduction s o f 
th e L E D s a t  th e beginnin g o f  th e post-test .  Th e mai n 
distinguishin g featur e o f  LED-user s an d conventional -
method s group ,  i n th e compute r  base d trail ,  wa s th e latter' s 
lac k o f  independen t  exploratio n wit h th e syste m durin g th e 
free-investigatio n perio d o f  th e compute r  base d trial .  Th e 
variet y o f  possibl e collision s the y considere d wa s smaller . 
They woul d hav e see n fewe r  o f  th e pattern s tha t  eac h L E D 
ca n legall y assum e an d thu s woul d hav e ha d les s 
opportunit y t o appreciat e th e diagrammati c constraint s 
underlyin g thos e patterns .  A n implicatio n fo r  instructio n 
wit h L E D s i s tha t  th e elementar y an d law-encodin g 
constraint s o f  th e diagram s shoul d b e mad e explici t  t o th e 
learner ,  perhap s a s a  se t  o f  rules . 

Conclusions 

The investigation has provided some encouraging evidence 
tha t  L E D s ar e effectiv e fo r  proble m solvin g an d tha t  the y 
may b e effectiv e fo r  instruction .  Th e researc h o n L E D s fo r 
instructio n i s continuing ,  wit h th e result s o f  a  simila r 
investigatio n conducte d wit h no n scienc e base d student s 
bein g currentl y analysed . 

Althoug h thi s pape r  ha s conside r  L E D s fo r  elasti c 
collisions ,  othe r  system s o f  L E D ar e bein g develope d an d 
some alread y exist .  Fo r  example ,  Chen g (1994b )  describe s 
L E Ds tha t  hav e bee n develope d fo r  probabilit y  theor y an d 
Baye s theore m an d Chen g (1994c )  consider s th e rol e o f 
L E Ds i n scientifi c  discovery ,  wit h example s fro m th e 
histor y o f  science . 
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