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A Symbol i c M o d e l  o f  Cognitiv e Transitio n 

Willia m C .  Schmid t 
Dq)aitinen t  o f  Psychology ,  Dalhousi e Univcrsil y 

HaUfax .  NS .  Canada .  B 3 H 4J 1 
wcsGor .psycho logy .da l . c a 

Char le s X .  L i n g 
Depaitmen t  o f  Compute r  Scienc e 
Hong Kon g University .  Hon g Kong . 
l i ng0cs .hku ,h k 

Abstrac t 

Study of cognitive development on the balance scale task 
has inspire d a  wid e rang e o f  huma n an d computationa l 
woik .  Th e tas k require s tha t  childre n predic t  th e outcom e o f 
placin g a  discret e numbe r  o f  weight s a t  variou s distance s 
on eithe r  sid e o f  a  fiilcrum .  Th e curren t  projec t  examine d 
th e adequac y o f  th e symboli c learnin g algorith m C4. 5 a s a 
model  o f  cognitiv e transitio n o n thi s task .  Base d o n a  se t 
of  nove l  assumptions ,  ou r  C4. S simulation s wer e abl e t o 
exhibi t  regularitie s foun d i n th e huma n dat a includin g 
orderl y stag e progression ,  U-shape d develoinnent ,  an d th e 
torqu e differenc e effect .  Unlik e previou s successfu l  model s 
of  di e task ,  th e curren t  mode l  use d a  singl e fre e parameter , 
i s no t  restricte d i n th e siz e o f  th e balanc e scal e tha t  i t  ca n 
accommodate ,  an d doe s no t  requir e th e assumptio n o f  a 
highl y structure d outpu t  representatio n o r  a  trainin g 
environmen t  biase d toward s weigh t  o r  distanc e 
information .  Th e mode l  make s a  numbe r  o f  prediction s 
differin g fro m thos e o f  previou s computationa l  efforts . 

Introduction 
The balanc e scal e tas k consist s o f  showin g a  chil d a  balanc e 
scal e supporte d b y block s s o tha t  i t  stay s i n th e balance d 
position .  Next ,  a  discret e numbe r  o f  weight s ar e place d 
aroun d on e o f  a  numbe r  o f  evenl y space d peg s o n eithe r  sid e 
of  th e fulcru m (se e th e lef t  sid e o f  Figur e 1) ,  an d i t  become s 
th e child' s tas k t o predic t  whic h ar m wil l  g o d o w n ,  o r 
whethe r  th e scal e wil l  balance ,  onc e th e supportin g block s 
ar c removed . 

Th e psychologica l  tas k require s th e integratio n o f 
informatio n fro m th e dimension s o f  weigh t  an d distanc e 
throug h th e cours e o f  developmen t  Perfec t  performanc e o n 
thi s tas k ca n b e achieve d b y computin g torque s fo r  bot h th e 
lef t  an d righ t  arm s b y multiplyin g weigh t  b y distance ,  an d 
th e sid e wit h th e larges t  torqu e goe s down .  I f  torque s ar e 
equal ,  the n th e scal e wil l  balance . 

Siegle r  (1981 )  ha s partitione d th e se t  o f  possibl e balanc e 
scal e problem s int o th e si x  set s o f  distinc t  {voble m type s 
show n i n Figur e 1 .  Performanc e o n th e differen t  [voble m 
type s i s use d t o gag e th e leve l  o f  expertis e tha t  childre n hav e 
acquire d an d t o gai n insigh t  int o th e type s o f  infcmnatio n 
tha t  childre n us e t o solv e balanc e scal e problems . 

The first  thre e type s o f  problem s ar e referre d t o a s simpl e 
problem s becaus e th e dimensio n o f  greate r  magnitud e 
determine s whic h sid e o f  th e scal e wil l  tip .  T h e final  thre e 
proble m type s ar e referre d t o a s conflic t  problem s becaus e 
th e cu e o f  weigh t  conflict s wit h th e cu e o f  distance ,  an d 

ther e i s n o simpl e w a y o f  determinin g th e outcome .  Th e sid e 
wit h th e greate r  weigh t  o r  distanc e drop s respectivel y i n 
conflict-weigh t  an d conflict-distanc e problems ,  whil e th e 
scal e balance s fo r  cor^Uct-balanc e problems . 

Siegle r  (1981 )  reporte d tha t  children' s perfnmanc e o n th e 
balanc e scal e tas k progresse s throug h fou r  distinc t  stages .  I n 
stag e 1 .  childre n us e onl y weigh t  informatio n t o determin e i f 
th e scal e wil l  balance .  I n stag e 2 ,  childre n emphasiz e weigh t 
informatio n bu t  us e distanc e i f  weight s o n bot h side s o f  th e 
fulcru m ar e equal .  I n stag e 3  bot h weigh t  an d distanc e 
inf(Mmatio n i s  utilize d fo r  simpl e problems ,  bu t  childre n 
see m t o respon d indecisivel y t o conflic t  problems .  B y stag e 
4,  ther e i s a  correc t  integratio n o f  weigh t  an d distanc e 
infomiatio n resultin g i n th e nea r  flawless  perfwmanc e o f  th e 
task .  Figur e 1  present s th e predicte d percentage s o f  correc t 
responses ,  broke n d o w n b y proble m type ,  fo r  eac h o f  thes e 
fou r  stages . 

Whi l e orderl y stag e progressio n constitute s a  majo r 
regularit y o f  balanc e scal e development ,  a  secon d regularit y 
ca n b e observe d b y examinin g th e predicte d patter n o f  error s 
i n Figur e 1  fo r  conflict-weigh t  problems .  I n stage s 1  an d 2 , 
childre n answe r  thes e problem s correctl y becaus e o f  thei r 
earl y relianc e o n weigh t  information .  I n stag e 3  however , 
when weigh t  an d distanc e cue s ar e i n conflict ,  childre n ofte n 
perfor m poorl y o n th e sam e problem s the y ha d previousl y 
answere d correctly .  Thi s situatio n i s  rectifie d b y stag e 4 
however ,  a t  whic h poin t  correc t  answer s reoccur .  Thi s tren d 
i s referre d t o i n th e developmenta l  literatur e a s U-shape d 
development ,  reflectin g th e patter n o f  th e longitudina l  plo t 
of  performance . 

Proble m Typ e Stag e 

t .  Min n 
I ^ I 

l ± I  I  I  ,  I 
' 7 ^ 

3.  Mittnc a 
I ^ I I I ZX" 
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percen t  problem s correc t  fo r 
childre n usin g differen t  rules . 
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A thir d majo r  balanc e scal e regularit y wa s reporte d b y 
Ferrett i  an d Butterfiel d (1986) .  Thes e researcher s discovere d 
tha t  th e rul e classification s o f  man y childre n systematicall y 
varie d whe n assesse d wit h differen t  set s o f  testin g problem s 
draw n fro m th e theoreticall y equivalen t  proble m types .  I t 
was discovere d tha t  children' s judgment s abou t  problem s 
wit h a  greate r  absolut e differenc e i n th e amoun t  o f  torqu e 
betwee n th e tw o arm s {torqu e difference )  wer e mor e ofte n 
ccMxec t  tha n simila r  type s o f  problem s wit h smalle r  torqu e 
differences .  Therefore ,  Siegler' s rul e assessmen t  procedur e i s 
systematicall y sensitiv e t o th e magnitude s o f  problem s 
selecte d fo r  us e i n stag e diagnosis .  Thi s las t  phenomeno n i s 
dubbe d th e torqu e differenc e effec t  (TDE) . 

A numbe r  o f  computationa l  model s o f  th e balanc e scal e 
tas k exis t  Th e mos t  successfu l  o f  thes e models ,  i n term s o f 
capturin g th e majo r  developmenta l  regularities,  hav e utilize d 
connectionis t  learnin g algorithm s a s mechanism s o f 
cognitiv e transitio n (McClelland ,  1989 ;  Shultz ,  Mareschal , 
& Schmidt ,  1994 ;  Shultz ,  Schmidt ,  Mareschal ,  & 
Buckingham ,  1995) .  Th e goa l  o f  th e curren t  projec t  wa s t o 
investigat e whethe r  a  popula r  symboli c learnin g algcnith m 
coul d ac t  a s a  transitio n mechanis m fo r  a  successfu l  model , 
i n th e hope s tha t  th e assumption s an d prediction s o f  suc h a 
model  migh t  provid e alternativ e insigh t  int o th e origin s o f 
th e huma n data . 

C4.5 • A Symbolic Classification System 
Quinlan' s (1993 )  C4. S acte d a s a  transitio n mechanis m i n 
our  model .  Give n a  se t  o f  trainin g example s whic h var y 
alon g a  se t  o f  attributes ,  C4. 5 extract s rule-lik e regularity 
from  th e example s an d build s a  decisio n tre e tha t  classifie s 
th e example s wit h som e degre e o f  tolerate d error .  Lik e it s 
connectionis t  cousins ,  C4. S i s a  supervise d learnin g 
algorithm . 

C4. S construct s a  decisio n (sub)tre e b y computin g th e 
informatio n gai n rati o (IGR )  fo r  eac h o f  th e possibl e 
attribute s tha t  coul d potentiall y  b e use d t o partitio n th e data . 
Th e I G R i s a  heuristi c metho d tha t  evaluate s a n attribute' s 
abilit y  t o reduc e randomnes s i n unclassifie d examples .  Th e 
attribut e wit h th e greates t  IG R i s chose n a s th e roo t  o f  a 
subtree .  Thi s metho d o f  buildin g subtree s i s applie d 
recursivel y unti l  th e resulting  tre e full y  classifie s al l  o f  th e 
trainin g examples . 

C4. 5 provide s a  use r  specifie d parametCT ,  m ,  whic h durin g 
decisio n tre e construction ,  roughl y control s th e degre e o f 
tolerate d error .  T o implemen t  th e transitio n componen t  o f  a 
balanc e scal e model ,  th e numbe r  o f  case s (specifie d b y m ) 
require d t o meri t  a  subtre e branchin g operatio n wa s decrease d 
wit h time .  Thi s manipulatio n resulte d i n th e gradua l 
emergenc e o f  a n increasingl y discernin g decisio n tree .  B y 
assumin g tha t  wha t  develop s i n childre n i s a n abilit y  t o 
assimilat e mor e informatio n ove r  time ,  a  serie s o f  decisio n 
tree s ca n b e constructed ,  eac h o f  whic h build s o n it s 
predecessOT .  Applyin g C4. 5 wit h a  larg e m yield s smaller , 
les s comprehensiv e decisio n tree s becaus e fe w attribute s 
qualif y t o ac t  a s decisio n nodes .  A s m decreases ,  mor e 
attribute s qualif y t o b e split ,  mor e regularit y i n th e trainin g 
set  i s  captured ,  ain d deepe r  an d mor e comple x tree s ar e buil t 

Earl y i n development ,  childre n hav e limite d menta l 
abilities .  Thei r  poo r  performanc e ca n b e modele d wit h a 

larg e m valu e i n C4.S .  Performanc e an d capacit y 
improvemen t  ca n b e modele d b y th e gradua l  decreas e o f  th e 
m parameter .  Th e followin g simulation s demonstrat e tha t 
th e orde r  o f  attribute s C4. S pick s u p i n a  serie s o f  decisio n 
tree s wit h decreasin g m coincide s wit h th e ot6 a o f  attribute s 
childre n utiliz e durin g development ,  thereb y demonstratin g 
tha t  C4. S ca n provid e a  goo d mode l  o f  developmenta l 
transition . 

Simulation 1 - The Basic Model 

Earl y i n development ,  childre n rel y mor e heavil y o n 
informatio n derive d fro m th e weigh t  dimensio n tha n th e 
distanc e dimension ,  eve n thoug h equa l  informatio n fro m 
thes e dimension s i s available .  A n y accurat e model ,  thocfore , 
require s som e se t  o f  assumption s suc h tha t  di e transitio n 
mechanis m relie s mor e heavil y o n informatio n fro m on e 
dimensio n ove r  th e other .  I n McClelland' s (1989 )  back -
propagatio n mode l  o f  thi s task ,  separat e processin g o f  th e 
weigh t  an d distanc e dimension s wer e enforce d architecturally , 
and th e trainin g environmen t  gav e th e networ k mor e 
experienc e wit h weigh t  information .  Thes e assumption s 
abou t  cognitiv e architectur e an d th e environmen t  resulte d i n 
a realisti c progressio n o f  th e model ,  wit h weigh t 
informatio n favore d ove r  distanc e informatio n earl y i n 
developmen t  Th e Shultz ,  Mareschal ,  &  Schmid t  (1994 ) 
cascade-correlatio n mode l  als o require d a  stron g 
environmenta l  bia s favorin g weigh t  information ,  bu t  di d no t 
requir e th e architectura l  assumption .  Th e othe r  successfu l 
connectionis t  mode l  o f  thi s task ,  th e Shultz ,  Schmidt , 
Mareschal ,  &  Buckingha m (1995 )  cascade-coirelatio n model , 
remove d th e requiremen t  fo r  bot h a  biase d trainin g 
environment  an d a  modula r  sqiaratio n o f  weigh t  an d distanc e 
processing ,  b y biasin g initia l  networ k weight s suc h tha t 
earl y i n development ,  weigh t  bu t  no t  distanc e informatio n 
was favorabl y processed . 

A furthe r  architectura l  assumptio n i s mad e b y al l 
connectionis t  model s o f  balanc e scal e develc^mem ,  whweb y 
thei r  outpu t  informatio n i s encode d i n a  highl y structure d 
manner  requirin g algorithmi c interpretation .  Additionally , 
th e model s b y McClellan d (1988 )  an d Shult z e t  al .  (1994 ) 
require d a  furthe r  assumptio n regarding  th e leve l  o i  trainin g 
exempla r  variability . 

T o produc e result s comparabl e t o th e connectionis t 
simulations ,  w e examine d a  five  peg ,  five  weigh t  versio n o f 
th e balanc e scal e task .  Fo r  purpose s o f  learnin g wit h C4.5 , 
th e se t  o f  62 5 possibl e five  peg ,  five  weigh t  problem s need s 
t o b e rq}resente d i n term s o f  a  se t  o f  value s o n attribute s 
wit h a n associate d classification .  Th e se t  o f  attribute s tha t 
yiel d a  successfu l  mode l  provid e a t  min imum ,  a n existenc e 
proo f  abou t  th e type s o f  informatio n sufficien t  fo r  producin g 
th e huma n data .  Hence ,  attribute s tha t  yiel d a  successfu l 
model ,  mak e prediction s abou t  th e type s o f  informatio n tha t 
humans m a y use .  o r  m a y b e sensitiv e to ,  durin g 
developmen t 

Althoug h w e experimente d wit h a  numbe r  o f  attribut e 
sets ,  w e foun d tha t  fe w le d t o a  successfu l  mode l  o f  th e 
human data .  Experimentatio n le d t o presentin g C4. 5 wit h 
seve n attributes . 

Th e first  thre e attribute s presente d summar y informatio n 
abou t  eac h proble m tha t  ca n b e immediatel y derive d from  th e 
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visua l  inpu t  Siegler' s (1981 )  woi t  suggeste d tha t  childre n 
reaso n wit h informatio n abou t  whic h sid e o f  th e balanc e 
soa k ha s th e greates t  weigh t  o r  distance ,  an d whethe r  th e 
side s o f  th e balanc e scal e ar e equivalen t  fo r  a  give n 
dimension .  Th e firs t  attribut e concerne d whethe r  th e proble m 
present s a n equa l  numbe r  o f  weight s a t  equa l  distance s o n 
cithe r  sid e o f  th e fulcrum ,  an d too k value s o f  ye s o r  no .  Th e 
inclusio n o f  thi s attribut e wa s base d o n th e perceptua l 
salienc e o f  simpl e balanc e problems ,  th e onl y problem s o f 
th e se t  whic h ar e wholl y symmetrical .  Th e secon d an d thir d 
attribute s concerne d th e sid e o f  th e scal e wit h greate r  weigh t 
or  distanc e respectively ,  an d eac h too k o n on e o f  thre e 
values :  lef t  arm ,  neithe r  arm ,  o r  righ t  arm .  Siegler' s (1981 ) 
rul e model s directl y inccvpc»ate d suc h information .  Makin g 
thi s informatio n primitivel y availabl e t o th e learnin g 
algorith m present s i t  wit h th e opportunit y t o capitaliz e o n 
any informationa l  valu e tha t  suc h attribute s m a y hav e fo r 
predictin g proble m outcomes .  Becaus e weigh t  an d distanc e 
infomiatio n ar e equall y predictiv e o fp toHe m outcomes ,  on e 
dimensio n (i.e. ,  weight )  ca n b e primaril y relie d upo n b y 
specifyin g i t  first .  Thi s orde r  effec t  i s  equivalen t  t o 
assumin g tha t  childrens '  developmen t  internall y relie s o n 
informatio n fro m on e dimensio n ove r  th e other . 

The remainin g fou r  attribute s wer e th e actua l  numbe r  o f 
weight s an d distance s o n eith a balanc e scal e arm ,  an d eac h 
of  thes e wa s declare d t o b e a  continuou s attribut e takin g o n 
intege r  value s rangin g fro m 1  t o 5 .  Th e inclusio n o f  thes e 
attributes ,  agai n reflecte d tha t  human s hav e suc h informatio n 
readil y accessibl e t o the m whe n confronte d wit h balanc e 
scal e problems . 

Unlik e man y previou s computationa l  attempts ,  ou r  mode l 
di d no t  nee d t o assum e a n explici t  environmenta l  bia s 
favorin g on e inpu t  dimension .  I t  di d howevo- ,  assum e tha t 
simpl e balanc e problem s (equa l  numbe r  o f  weight s occu r  a t 
equa l  distance s o n eithe r  sid e o f  th e fulcrum )  ar e particularl y 
salien t  fo r  th e purpose s o f  children' s learning .  Thi s 
assumptio n wa s reflecte d i n th e choic e o f  th e fus t  attribute , 
and b y includin g thre e time s a s man y simpl e balanc e 
problem s a s naturall y occur s withi n th e proble m set ,  thereb y 
givin g C4. 5 extr a balanc e experience . 

The C4. S progra m wa s run ,  incrementall y decreasin g th e 
m paramete r  whic h systematicall y resulte d i n th e learnin g o f 
increasingl y comple x decisio n trees .  Th e gradua l  decreas e i n 
m corresponde d t o a n assumptio n tha t  th e child' s cognitiv e 

capacit y increase s i n a  gradua l  fashio n yieldin g a  processin g 
structur e i n whic h successor s buil d upo n predecessors . 
Structure s generate d a t  eac h leve l  o f  m wer e take n t o 
represen t  th e processin g structure s presen t  fo r  a  discret e er a 
of  developmen t 

Eac h era ,  th e decisio n tre e induce d wa s use d t o classif y th e 
42 5 example s whic h corresponde d t o th e complet e se t  o f 
problem s tha t  coul d b e classifie d int o Siegler' s si x proble m 
types .  Th e response s t o 2 4 problem s (fou r  fro m eac h o f  th e 
si x proble m types) ,  identica l  t o thos e use d t o evaluat e 
model s b y McClellan d (1989 )  an d Shult z e t  al .  (1995 )  wer e 
the n use d i n subsequen t  analyse s t o asses s th e model' s 
success . 

Results and Disciission 
Figur e 2  present s th e stag e classification s fo r  eac h er a o f 
training ,  a s diagnose d b y usin g a  procedur e identica l  t o tha t 
use d wit h huma n childre n (Siegler ,  1981) .  F ro m th e figure , 
i t  i s  apparen t  tha t  th e C4. S mode l  ha s capture d th e 
requiremen t  o f  orderl y stag e progression . 

Figur e 3  present s th e mea n longitudina l  performanc e o f 
th e simulatio n o n th e entir e se t  o f  conflict-weigh t  an d 
conflict-distanc e problems .  Th e mode l  clearl y exhibit s Li -
shape d developmen t  o n conflict-weigh t  problems .  B y 
comparin g th e tim e o f  occurrenc e o f  thi s performanc e wit h 
th e stag e classificatio n o f  th e sam e simulatio n fro m Figur e 
2,  i t  ca n b e see n tha t  th e U-shape d developmenta l  tren d 
conespond s precisel y wit h th e perio d i n whic h th e 
simulatio n i s classifie d a t  stag e 3  (fro m jq)proximatel y er a 
4 0 throug h er a 80) .  Th e earl y relianc e o n weigh t  informatio n 
by C4. 5 wa s interfere d wit h durin g thi s perio d b y th e gradua l 
integratio n an d us e o f  distanc e informatio n o n conflic t 
problems .  Thi s ca n b e verifie d b y examinin g th e 
longitudina l  performanc e o f  th e simulatio n o n conflict -
distanc e problem s durin g stag e 3  (Figur e 3) .  A t  precisel y th e 
beginnin g o f  th e declin e i n conflict-weigh t  performance , 
distanc e informatio n bega n t o b e assimilated .  Fro m Figur e 
3,  i t  i4)pear s tha t  ther e i s a  gentl e vacillatio n betwee n th e 
learnin g algorithm' s incorporatio n o f  weigh t  an d distanc e 
informatio n wit h th e inclusio n o f  informatio n from  on e o f 
thes e dimension s conflictin g wit h performanc e o n th e other . 
A negativ e correlatio n betwee n conflict-weigh t  an d conflict -

distanc e performanc e (r=-0.86 ;  r2=0.73 )  ove r  th e fu^ t  8 0 
eras ,  conflrm s thi s discovoy . 

•3 0 « 

^°  er a ̂ ° 

Figur e 2 .  Longitudina l  stag e progressio n o f  Simulatio n 1  (lef t  scale) ,  an d ccHrespondin g value s o f  m (righ t  scale) . 
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Figur e 3 .  Performanc e o n conflict-weigh t  an d conflic t  distanc e problems . 

T h e fina l  majo r  effec t  characteristi c o f  balanc e scal e 
development ,  th e T D E ,  w a s evaluate d i n th e curren t 
simulatio n b y classifyin g th e model' s performanc e usin g 
fou r  differen t  set s o f  testin g pattern s whos e problem s wer e 
draw n from  fou r  differen t  range s o f  torqu e difference .  Th e 
T D E require s tha t  th e sam e se t  o f  simulatio n response s b e 
classifie d a t  diffra^n t  stag e level s dependin g upo n th e torqu e 
differenc e leve l  o f  th e testin g problem s use d fo r  stag e 
evaluation .  T o correspon d wit h th e huma n data ,  testin g set s 
wit h problem s from  large r  torqu e differenc e level s shoul d 
resul t  i n classification s a t  highe r  stage s tha n testin g set s 
wit h smal l  torqu e differenc e problems . 

Eac h testin g se t  ha d th e sam e balanc e an d conflict-balanc e 
testin g {voblem s sinc e th e torqu e differenc e fo r  thes e type s 
of  problem s i s alway s zero .  T h e torqu e differenc e leve l  fo r 
th e othe r  testin g set s varied .  Torqu e differenc e leve l  1  ha d 
IHt)blem s wit h a  torqu e differenc e o f  1 .  Level s 2 ,  3  an d 4 
consiste d o f  p r o U e m s wit h torqu e difference s i n th e rang e o f 
2-5,6- 9 an d 10-2 0 respectively. 

Onl y a t  stag e 3 ,  di d stag e classification s var y i n 
accordanc e wit h th e prediction s o f  th e T D E .  Hence ,  th e 
simulatio n wa s no t  capturin g th e T D E a t  al l  point s i n 
develc^men L 

A n examinatio n o f  th e rul e set s derive d b y C4. 5 reveale d 
tha t  multipl e rul e set s mappe d ont o m a n y o f  th e stages . 
Stag e 1  wa s achieve d a s th e resul t  o f  tw o distinc t  set s o f 
rule s whil e a  singl e se t  o f  rule s (identica l  t o thos e derive d b y 
Siegler ,  1981 )  mappe d ont o stag e 2  performance .  Stag e 3 
was accomplishe d throug h a  se t  o f  fiv e distinc t  rul e systems , 
an d tw o distinc t  decisio n uee s resulte d i n stag e 4 
performance .  N o explici t  computatio n an d compariso n o f 
torque s occurred .  Afte r  th e initia l  decisio n tree ,  eac h 
subsequen t  tre e expande d upo n previousl y derive d structures . 

Simulation 2 - The Expanded Model 
I n orde r  t o exhibi t  th e T D E ,  a  mode l  mus t  discriminate ,  an d 
answer  differentiy ,  problem s fro m Siegler' s theoreticall y 
equivalen t  proble m types .  I f  contingencie s i n th e trainin g 
dat a exis t  whic h distinguis h problem s base d o n informatio n 
oUie r  tha n tha t  use d b y Siegle r  (1981) ,  the n th e T D E coul d 
aris e i f  th e learnin g algorith m wer e t o pic k u p o n suc h 

contingencies .  Siegler' s rul e models ,  an d ou r  firs t 
simulation' s stag e 1  an d 2  rules ,  al l  faile d t o distinguis h 
problem s wit h differen t  inpu t  magnitudes .  Instead ,  th e 
induce d rule s considere d onl y th e sid e o f  th e balanc e scal e 
wit h greate r  weigh t  o r  distance .  Ou r  model' s stag e 3  rule s 
distinguishe d problem s o n th e basi s o f  thei r  grade d inpu t 
levels ,  an d it s  stag e classification s di d var y wit h torqu e 
differenc e levels . 

I t  woul d appea r  tha t  i n orde r  t o ge t  th e T D E a t  al l  stage s 
of  development ,  C4. S woul d b e require d t o buil d rule s whic h 
discriminate d betwee n problem s wit h differen t  level s o f 
inputs .  Fo r  ou r  secon d simulatio n w e augmente d ou r  mode l 
by changin g onl y th e representational  forma t  o f  th e attribut e 
qiecifyin g whic h sid e o f  th e balanc e scal e ha d greate r  weigh t 
or  distance .  Instea d o f  classification s o f  lef t  arm ,  right  arm , 
or  neithe r  arm ,  thes e attribute s too k o n value s i n th e rang e 
of  -4<x< 4 (determine d b y subtractin g th e right  sid e valu e 
from  th e lef t  sid e valu e fo r  eac h o f  th e weigh t  an d distanc e 
dimensions) .  B y doin g this ,  w e hav e prevente d C4. 5 firo m 
bein g abl e t o conside r  th e sid e o f  th e balanc e scal e wit h 
large r  weigh t  o r  distanc e informatio n i n a n al l  o r  non e 
fashion ,  an d instea d hav e force d i t  t o conside r  th e attribut e i n 
term s o f  a  grade d representation .  N o othe r  condition s o f  th e 
model  wer e altered ,  an d trainin g an d assessmen t  wer e carrie d 
out  a s before . 

Results and Discussion 

An examinatio n o f  Ui e model' s performanc e revealed  tha t  a s 
i n Simulatio n 1 ,  ever y stag e wa s classifiable ,  an d orderl y 
stag e progressio n ensued .  Longitudina l  conflict-weigh t 
performanc e showe d th e characteristi c U-s>uq)e d regression  i n 
performanc e tha t  coincide s wit h stag e 3 ,  howeve r  conflict -
weigh t  performanc e a t  th e ver y earlies t  stag e o f  developmen t 
was slighti y poorer .  Nonetheless ,  th e simulatio n exhibite d 
th e fu^ t  tw o regularities  require d b y a  successfu l  model . 

T o examin e th e mode l  fo r  th e presenc e o f  th e T D E ,  eac h 
er a wa s independenti y assesse d wit h fou r  differen t  set s o f 
testin g problem s draw n fro m th e fou r  differen t  torqu e 
differenc e interval s outline d earlier .  Stag e classification s 
varie d o n eac h o f  th e firs t  7 7 eras .  Beyon d er a 77 ,  th e 
simulatio n reache d a  saturatio n point ,  an d a U o f  di e proble m 
set s wer e classifie d a t  a  stag e 4  leve l  o f  performance . 
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Perfonnanc e o n th e entir e se t  o f  problem s i n th e fou r  torqu e 
differenc e range s wa s als o examine d b y calculatin g th e 
percentag e o f  correc t  response s a t  th e media n er a o f  eac h 
stage .  Thi s amounte d t o evaluatin g th e mode l  a t  era s 3.23 . 
43 an d 7 9 fo r  stage s 1 .  2 .  3  an d 4  respectively .  Th e mea n 
increas e i n performanc e betwee n torqu e differenc e level s a t 
each o f  thes e point s i n developmen t  wa s 4 % ,  8% ,  8% ,  an d 
4%.  A s dictate d b y th e T D E .  th e mode l  demonstrate d 
superio r  performanc e o n problem s fro m large r  torqu e 
differenc e intervals .  Fro m th e result s o f  thes e analyse s fo r 
th e T D E .  i t  i s  clea r  tha t  th e mode l  exhibit s al l  o f  th e 
regularitie s o f  th e huma n data . 

General Discussion 

The C4. S symboli c mode l  wa s successfu l  a t  capturin g th e 
thre e characteristi c developmenta l  flndings  o f  th e balanc e 
scal e task :  orderl y stag e progression .  U-sh^)e d learning ,  an d 
th e T D E .  Th e mode l  assume d tha t  balanc e problem s ar e 
especiall y salien t  t o children ,  an d tha t  th e majorit y o f 
childre n ar e intonall y biase d toward s {vocessin g th e weigh t 
dimensio n ove r  th e distanc e dimension .  I n additio n th e 
model  implicitl y  assume d tha t  childre n hav e acces s to .  an d 
reaso n with ,  infcMmatio n abou t  whic h sid e o f  th e balanc e 
scal e i s large r  fo r  a  give n dimension .  B y implementin g thes e 
assumption s an d applyin g th e C4. S learnin g algorithm , 
thes e simulation s provid e a n alternativ e developmenta l 
model ,  capabl e o f  successfull y capuuin g man y aspect s o f  th e 
human data . 

The succes s o f  C4. S i n producin g a n accurat e mode l  o f 
developmen t  demonstrate s tha t  a  symboli c supervise d 
learnin g algorith m ca n ac t  a s a  mechanis m fo r  simulatin g 
cognitiv e transition .  Lik e it s connecdonis t  cousins ,  grade d 
rqn-esentation s see m t o b e a  critica l  feabir e o f  th e succes s o f 
C4.5 ,  a s doe s th e incrementalit y o f  th e processin g structure s 
tha t  i t  derives . 

I n contras t  t o th e fragilit y o f  pilo t  wor k wit h th e 
competin g connectionis t  model s regardin g th e siz e o f  th e 
balanc e scal e problem s undertaken ,  th e mode l  tha t  w e lepo n 
appear s t o b e robust  i n thi s regard .  Th e C4. 5 mode l  w w k e d 
as wel l  fo r  smalle r  ( 4 peg ,  4  weight )  an d large r  ( 6 peg ,  6 
weight )  balanc e scal e simulation s a s i t  di d fo r  th e fiv e peg , 
fiv e weigh t  version .  I t  i s  stil l  a n ope n empirica l  questio n 
whethe r  balanc e scal e dat a o f  othe r  size s ca n b e easil y 
accommodate d usin g connectionis t  techniques . 

C4. S wa s als o robust  wit h respec t  t o th e forma t  o f  it s 
outpu t  encoding .  Whil e connectionis t  models '  succes s 
hinge s o n th e architectura l  assumptio n underlyin g th e 
inclusio n o f  a  distribute d encodin g o f  tw o output s 
(McClelland .  1989 ;  Shult z e t  al .  1994 ;  199S) .  wit h th e 
C4. S model ,  alternativ e method s o f  representin g th e 
respons e yield s identica l  results .  Finally ,  i n contras t  t o th e 
vas t  spac e o f  possibl e connectionis t  implementations ,  whic h 
posses s a  larg e numbe r  o f  degree s o f  freedom  an d requir e th e 
settin g o f  a  larg e numbe r  o f  fre e parametos .  th e C4. S mode l 
varie d onl y m .  Th e C4. S mode l  make s a  numbe r  o f 
prediction s tha t  ar e differen t  than ,  o r  oppose d to .  thos e mad e 
by previou s approaches .  First ,  whil e man y connectionis t 
account s assum e a n environmen t  strongl y biase d toward s 
presentin g informatio n abou t  th e weigh t  dimensio n 
(McClelland .  1989 ;  Shult z e t  al. .  1994) .  th e C4. 5 mode l 

predict s tha t  th e weigh t  an d distanc e dimension s ar e equall y 
and sjrmmelricall y presen t  i n th e natura l  worid .  Lik e Shult z 
et  al .  (199S) .  th e curren t  approac h internalize s th e earl y 
preferenc e fo r  informatio n from  a  singl e dimension .  I f  thi s 
characterizatio n i s correct ,  the n thes e model s sugges t  tha t 
despit e sharin g a  c o m m o n environment ,  ther e wil l  b e 
individua l  difference s i n th e inpu t  dimensio n tha t  childre n 
fin d mos t  salien t  S o m e suppor t  to r  thi s notio n come s fro m 
relate d task s requirin g th e integratio n o f  infcxmatio n from 
tw o dimensions ,  i n whic h variabilit y i n th e favore d 
dimensio n exist s (Siegler ,  1981) . 

A secon d predictio n o f  th e C4. S mode l  i s tha t  simpl e 
balanc e problem s ar e particularl y salien t  an d importan t  i n 
childrens '  learning .  Third ,  th e mode l  predict s tha t  reasonin g 
wit h primitiv e informatio n derive d fro m th e initia l 
presentatio n o f  th e balanc e scal e proble m bein g solve d i s a n 
importan t  componen t  o f  childrens '  cognition .  Fourth ,  th e 
model  predict s tha t  stag e 3  classification s o f  huma n 
performer s mask s a  vacillatio n betwee n relyin g mor e 
strongl y o n on e dimensio n a t  th e expens e o f  integratin g 
infcmnatio n fro m th e othe r  (se e Figur e 3) . 

I t  i s  ou r  hop e tha t  th e prediction s derive d fro m thi s 
alternativ e accoun t  wil l  inspir e furthe r  stud y o f  huma n 
developmen t  o n th e balanc e scal e an d relate d tasks ,  wit h a n 
ai m o f  determinin g th e reasonablenes s o f  th e assumption s 
tha t  variou s model s ar e base d upon . 
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