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A Connectionis t  M o d e l  o f  th e D e v e l o p m e n t  o f  Seriatio n 

Deni s Marescha l 
Departmen t  o f  Experimenta l  Psycholog y 

Universit y  o f  Oxfor d 
Sout h Park s Roa d 

Oxford ,  Englan d 0 X 1 3 U D 
maresch@ox.ac.u k 

Abstract 

Seriation is the ability to order a set of objects on 
some dimensio n suc h a s size .  Psychologica l  researc h 
on th e child' s developmen t  o f  seriatio n ha s uncovere d 
both  cognitiv e stage s an d perceptua l  constraints .  A 
generativ e connectionis t  algorithm ,  cascade -
correlation ,  i s  use d t o successfull y mode l  thes e 
psychologica l  regularities .  Previou s rule-base d model s 
of  seriatio n hav e bee n unabl e t o captur e eithe r  stag e 
progression s o r  perceptua l  effects .  Th e presen t 
simulation s provid e a  numbe r  o f  insight s abou t 
possibl e processin g mechanism s fo r  seriation ,  th e 
natur e o f  seriatio n stag e transitions ,  an d th e 
opportunitie s provide d b y th e environmen t  fo r  learnin g 
abou t  seriation . 

I n t r o d u c t i o n 

Recent research has indicated that basic phenomena in 
cognitiv e developmen t  ca n b e successfull y modele d 
wit h connectionis t  network s (cf .  review s b y Bate s & 
Elman .  1992 ;  Plunket t  &  Sinha ,  1992 ;  Shultz ,  1991) . 
Generativ e learnin g algorithms ,  suc h a s cascade -
correlatio n (Fahlma n &  Lebiere ,  1990) ,  ar e 
particularl y appealin g fo r  suc h simulation s sinc e the y 
implemen t  qualitativ e increase s i n networ k capacit y 
durin g learnin g i n additio n t o quantitativ e adjustment s 
of  networ k weights .  I t  ha s lon g bee n hel d Uia t  muc h 
of  th e child' s cognitiv e developmen t  i s  du e t o 
qualitativ e shift s i n representationa l  capacit y (Piaget , 
passim) ,  bu t  unti l  recentl y i t  ha s bee n unclea r  ho w 
suc h qualitativ e change s coul d b e modeled . 

A variet y o f  aspect s o f  cognitiv e developmen t  hav e 
bee n successfull y modele d wit h cascade-correlatio n 
nets ,  includin g balanc e scal e phenomen a (Shult z & 
Schmidt ,  1991) ,  causa l  prediction s (Shultz ,  Zelazo ,  & 
Strigler ,  1991) ,  an d th e acquisitio n o f  persona l 
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pronouns (Shultz, Buckingham, & Oshima-Takane, 
1993) .  Here ,  w e repor t  o n th e applicatio n o f  cascade -
correlatio n t o anothe r  wel l  k n o w n cognitiv e 
developmenta l  phenomenon ,  seriation . 

Seriatio n i s th e proble m o f  sortin g element s 
accordin g t o thei r  respectiv e value s o n a  dimension . 
Sortin g i s a  wel l  studie d proble m i n compute r  scienc e 
wit h mor e tha n a  doze n establishe d symboli c 
algorithm s (Knuth ,  1973) .  Althoug h ther e hav e bee n a 
fe w han d designe d neura l  network s tha t  sor t  (Atkins , 
1989 ;  Che n &  Hsieh ,  1990) ,  w e ar e presentin g th e 
first  connectionis t  syste m tha t  learn s t o sort . 

P s y c h o l o g y o f  Ser ia t io n 

Inhelder and Piaget (1%9) developed the seriation task 
i n orde r  t o demonstrat e th e presenc e o f  stage s i n th e 
developmen t  o f  children' s transitiv e reasoning . 
Childre n wer e presente d wit h a  disordere d se t  o f  siz e 
grade d sticks .  Afte r  showin g tha t  the y coul d identif y 
th e smalles t  an d th e larges t  o f  thes e sticks ,  th e 
childre n wer e aske d t o buil d a  staircase ,  i.e. ,  t o orde r 
th e stick s fro m smalles t  t o largest .  Finally ,  childre n 
wer e presente d wit h a  fe w intermediat e slick s an d wer e 
tol d t o inser t  thes e a t  thei r  correc t  plac e i n th e series . 

Four  stage s wer e identifie d i n th e child' s abilit y t o 
construc t  a  series .  Example s o f  thes e stage s ar e show n 
i n Figur e 1 .  Eac h stag e wa s interprete d a s resultin g 
fro m th e presenc e o r  absenc e o f  radicall y differen t 
cognitiv e processes .  Durin g a  first  stag e (circ a 4  year s 
old) ,  childre n mad e n o rea l  effor t  a t  orderin g th e stick s 
and eithe r  line d the m u p i n th e orde r  the y appeare d o r 
moved the m abou t  randomly . 

Childre n i n th e secon d stag e (circ a 5  year s old ) 
succeede d i n combinin g stick s i n term s o f  loca l 
absolut e quantitie s suc h a s bi g o r  small ,  bu t  wer e 
unabl e t o exten d thi s orde r  ove r  th e entir e se t  o f  sticks . 
Thi s le d t o serie s o f  uncoordinate d pair s (pair s o f  larg e 
and smal l  elements) ,  uncoordinate d triplet s (on e large , 
one medium ,  an d on e smal l  element) ,  seriatio n base d 
on th e correc t  alignmen t  o f  onl y th e top s o f  th e sticks , 
roof-to p seriatio n (i n whic h th e top s ris e an d the n 
descend ,  o r  vice-versa) ,  an d correc t  seriatio n o f  onl y 
th e first  fe w elements . 
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stag e 1 Stag e 3  o r  4 

I 

Stag e 2 

Figur e 1 .  Example s o f  seriatio n stages . 

Durin g a  thir d stag e (circ a 6  year s old) ,  childre n wer e 
abl e t o construc t  a  serie s bu t  onl y throug h extensiv e 
tria l  an d error ;  a s thoug h the y wer e completin g a 
difficul t  jigsa w puzzl e piec e b y piece . 

Finally ,  durin g th e fourt h stag e (circ a 7  year s old) , 
childre n coul d construc t  th e serie s rapidl y an d wit h fe w 
error s b y applyin g a  systemati c strateg y tha t  Piage t 
calle d th e operationa l  method .  Operationa l  seriatio n 
consiste d i n selectin g th e smalles t  unordere d stic k an d 
placin g i t  immediatel y i n it s appropriat e plac e i n th e 
serie s unde r  construction . 

Mor e stringen t  studie s initiall y  replicate d Piaget' s 
observation s (Elkind ,  1964) .  However ,  i n dept h 
protoco l  analyse s suggeste d tha t  seriatio n wa s non -
algorithmi c an d mor e flexibl e tha n Piage t  ha d 
suggeste d (Young ,  1976) .  Retschitzk i  (1978 )  claim s 
tha t  n o stag e ca n trul y b e describe d b y a  singl e 
procedure .  Rando m selectio n strategie s ar e observe d i n 
childre n o f  al l  age s includin g thos e wel l  int o th e 
fourth ,  operationa l  stag e (Kingma ,  1982) .  Othe r 
partia l  senato r  characteristic s ar e als o presen t  a t  al l 
ages (Kingma ,  1983) . 

Moreover ,  perceptua l  constraint s wer e foun d t o 
influenc e performanc e o n seriatio n tasks .  I f  difference s 
betwee n adjacen t  stick s ar e to o large ,  stag e 3  senator s 
perfor m a t  stag e 4  sinc e th e perceptua l  informatio n 
tha t  stag e 3  childre n rel y o n i s s o salien t  a s t o allo w 
the m t o construc t  a  serie s reliabl y an d efficientl y 
(Piaget ,  1965) .  I f  discrimination s betwee n stick s ar e 
to o small ,  seriatio n performanc e deteriorate s (Elkind , 
1964 ;  Kingma ,  1984) . 

Koslowsk i  (1980 )  foun d tha t  4-year-ol d childre n 
coul d seriat e a t  a  stag e 4  leve l  wit h fou r  element s bu t 
faile d t o generaliz e thi s t o th e traditiona l  1 0 elemen t 
tas k wher e the y wer e diagnose d a s bein g i n stag e 1 . 
She argue s that ,  eve n thoug h th e childre n faile d th e 

traditiona l  task ,  thei r  sortin g i n th e abbreviate d tas k 
implie s tha t  the y wer e usin g th e require d operation s 
but  wit h les s refine d siz e discriminations .  Koslowsk i 
suggest s tha t  on e componen t  alon g whic h 
developmen t  occur s i s th e precisio n wit h whic h 
seriatio n operation s ar e carrie d ou L 

Previous Computational Models 

Due to Piaget's early systematic description of 
seriation ,  severa l  symboli c computationa l  model s o f 
seriatio n performanc e hav e bee n created .  A s earl y a s 
1964 ,  Fre y outline d a  se t  o f  automat a tha t  woul d 
incorporat e th e cognitiv e structure s though t  b y Piage t 
t o b e presen t  a t  eac h stag e an d tha t  woul d produc e th e 
observe d behavior . 

T wo rule-base d approache s wer e als o published .  On e 
of  thes e (Baylo r  e t  al. ,  1973 )  wa s base d o n th e 
protocol s o f  thre e children ,  eac h i n a  differen t 
developmenta l  stage .  N o transitio n mechanism s 
betwee n stage s wer e specified ,  althoug h developmen t 
was though t  t o b e drive n b y a  progressiv e 
sophisticatio n i n th e child' s structurin g o f  th e 
experimenta l  environment ,  a  developmenta l  tren d 
toward s stimulu s independence ,  an d a  tendenc y toward s 
th e developmen t  o f  mor e efficien t  procedures . 

Young' s (1976 )  rule-base d mode l  wa s designe d t o 
matc h th e idiosyncrasie s o f  individua l  childre n a t 
differen t  ages .  H e suggeste d tha t  developmen t  occurre d 
alon g thre e differen t  dimensions :  selectio n o f  a n item , 
evaluatio n o f  tha t  choice ,  an d correctio n o f  incorrec t 
choices .  Developmen t  wa s see n a s a  continuou s 
proces s consistin g o f  th e acquisitio n o f  ne w rules . 
Contrar y t o Baylo r  e t  al.' s  model ,  childre n d o no t 
acquir e mor e efficien t  algorithmi c procedure s bu t  ad d 
mor e discriminatin g rule s t o a n existin g kernel . 

None o f  thes e model s ar e trul y developmenta l  sinc e 
the y d o no t  provid e a  mechanis m fo r  passin g fi-om  on e 

stag e t o th e nexL ^  Therefore ,  the y fai l  t o captur e stag e 
progressions .  No r  d o the y addres s th e issue s 
surroundin g perceptua l  saliency .  Moreover ,  thes e 
model s ar e overl y rigi d i n tha t  han d tailore d set s o f 
rule s functio n consistently ,  thereb y failin g t o captur e 
th e flexibilit y  inheren t  i n children' s protocols . 
Connectionis t  approache s migh t  b e bette r  suite d t o th e 
modelin g o f  children' s performanc e o n th e seriatio n 
tas k du e t o thei r  abilit y  t o captur e rule-lik e behavio r 
and percepma l  effect s withou t  sacrificin g flexibility. 

^  Anza i  (1987 )  presente d a  productio n rul e mode l 
tha t  constructe d a  fe w ne w seriatio n rule s fro m a n 
initia l  se t  o f  3 1 productions .  I t  use d tw o differen t 
learnin g strategies :  backtrackin g t o avoi d ba d 
moves an d lookin g ahea d t o selec t  goo d moves . 
The mode l  di d lea m t o sor t  mor e efficiently ,  bu t  i t 
was no t  evaluate d fo r  psychologica l  realism . 
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C a s c a d e - c o r r e l a t i o n 

Cascade-correlation is a generative algorithm that 
build s it s o w n feed-forwar d networ k topolog y whe n i t 
need s t o (Fahlma n &  Lebiere ,  1990) .  Th e networ k 
begin s wit h th e minima l  topolog y o f  a n inpu t  laye r 
full y  connecte d t o a n outpu t  layer .  Weight s ar e traine d 
usin g th e quickpro p algorith m (Fahlman ,  1988 )  t o 
minimiz e th e differenc e betwee n observe d an d desire d 
activatio n acros s th e outpu t  units .  Quickpro p i s a 
minimizatio n algorith m loosel y base d o n Newton' s 
secon d orde r  method .  Informatio n abou t  th e curren t  an d 
previou s derivative s ar e use d t o construc t  a  loca l 
approximatio n o f  th e curvatur e o f  th e potentia l  t o b e 
minimized . 

I f  cascade-correlatio n fail s  t o reduc e th e erro r  withi n 
an acceptabl e criterion ,  i t  the n proceed s t o construc t 
and inser t  a  hidde n uni t  wit h input s fro m al l  unit s i n 
th e networ k othe r  tha n th e outputs .  Thes e inpu t 
weight s ar e traine d s o a s t o maximiz e th e correlatio n 
betwee n eac h o f  severa l  candidat e hidde n units ' 
activation s an d th e residua l  erro r  a t  th e outputs .  Onc e 
th e correlation s reac h asymptote ,  th e hidde n uni t 
whos e activation s correlat e bes t  wit h th e erro r  i s 
installe d i n th e networ k wit h trainabl e connection s t o 
th e outputs .  Onc e installed ,  th e weight s leadin g int o 
th e n e w uni t  ar e frozen  an d ca n neve r  b e changed .  Th e 
networ k the n revert s bac k t o th e erro r  minimizatio n 
phas e bu t  wit h th e adde d powe r  o f  a  ne w hidde n uni t 
tune d t o th e residua l  error .  I f  necessary ,  th e cycl e i s 
repeate d unti l  succes s i s achieved . 

S i m u l a t i o n s 

The simulations presented here focus on the ability to 
construc t  a  si x elemen t  series .  Althoug h thi s i s fewe r 
tha n th e 1 0 element s use d b y Piaget ,  i t  i s  mor e tha n 
th e fou r  use d i n abbreviate d task s an d correspond s 
closel y t o th e numbe r  use d i n th e perceptua l  salienc y 
studies . 

Our  model s consis t  o f  a  componen t  devote d t o th e 
processin g o f  seriatio n information .  Thi s componen t 
receive s informatio n abou t  th e presen t  stat e o f  th e 
series ,  processe s thi s information ,  an d output s a 
move.  A  m o v e i s  define d a s th e identificatio n o f  a 
stic k an d o f  th e positio n t o whic h tha t  stic k shoul d b e 
moved.  Th e m o v e i s no t  actuall y carrie d ou t  b y th e 
network ,  bu t  b y auxiliar y softwar e tha t  maintain s th e 
array .  Psychologically ,  move s ar e hypothesize d t o b e 
carrie d ou t  i n th e environmen t  b y a n auxiliar y moto r 
component .  A s i n Young' s (1976 )  model ,  th e entir e 
seriatio n performanc e i s  constitute d b y th e seria l 
juxtapositio n o f  independen t  moves . 

Th e seriatio n componen t  i s  compose d o f  tw o 
distinc t  modules ,  eac h processin g th e sam e inpu t  arra y 
but  respondin g independentl y (Figur e 2) .  Processin g 
occur s i n parallel ;  informatio n i s onl y integrate d onc e 
i t  ha s reache d th e outpu t  units .  O n e modul e i s traine d 

t o identif y whic h stic k t o move ,  wherea s th e othe r  i s 
traine d t o identif y wher e thi s stic k shoul d b e placed . 
Sinc e th e weight s i n th e tw o module s ar e update d 
independently ,  behaviora l  developmen t  o f  th e whol e 
syste m ca n b e attribute d t o th e interactio n o f 
developmen t  i n th e individua l  skil l  modules .  Th e 
module s ar e traine d t o respon d a s dictate d b y Piaget' s 
operationa l  procedure ,  i.e. ,  t o mov e th e smalles t  stic k 
tha t  i s  ou t  o f  orde r  t o it s correc t  place . 

Whic h output s 

Q Q O O OO 

Where output s 

O Q Q Q OQ 

O Hidden s 

o o 

o 

• o 

o 

• o 

o 

Arra y input s 

Figure 2. Schematic representation of the composite 
seriatio n network .  Th e tw o module s ar e independen t 
excep t  fo r  sharin g th e sam e inpu t  Here ,  th e whic h ne t 
has tw o hidde n unit s an d th e wher e ne t  ha s on e hidde n 
unit . 

Th e whic h an d wher e module s ar e eac h individua l 
cascade-correlatio n networks .  I n th e standar d cascade -
correlatio n package ,  i t  i s  no t  possibl e t o tes t 
performanc e durin g th e hidde n uni t  recruiunen t  phase . 
Thi s doe s no t  impl y tha t  th e networ k ha s entere d som e 
kin d o f  hibernation ,  bu t  tha t  developmen t  o f  th e 
behavio r  inferre d from  th e output s ha s reache d a n 
asymptote .  Thus ,  durin g th e hidde n uni t  recruitmen t 
phase ,  th e outpu t  respons e i s take n t o b e tha t  give n b y 
th e las t  epoc h immediatel y precedin g th e phas e 
transition . 

Eac h seriatio n componen t  i s  traine d o n 12 0 
example s o f  seriatio n moves .  Th e inpu t  consist s o f  a n 
arra y configuration ;  th e outpu t  consist s o f  eithe r 
whic h stic k shoul d b e move d o r  wher e a  stic k shoul d 
be move d to ,  dependin g o n th e module .  Fo r  example , 
give n th e arra y ( l  3  5  6  2  4 }  th e composit e network s 
lear n t o identif y tha t  th e stic k i n th e fifth  positio n 
shoul d b e move d t o th e secon d position .  Th e inpu t  i s 
code d o n a  ban k o f  si x  linea r  unit s wit h intege r 
activatio n indicatin g th e relativ e height s o f  th e sticks . 
Th e outpu t  i s  code d o n a  ban k o f  si x  non-linea r 
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sigmoi d unit s o n whic h th e uni t  codin g th e correc t 
positio n i s turne d maximall y o n an d al l  other s ar e 
maximall y inhibited .  Al l  hidde n unit s hav e a  sigmoi d 
activatio n functio n rangin g fro m -O. S t o -i-O.S . 

Pilo t  studie s reveale d tha t  th e disorde r  o f  th e arra y 
presente d wa s importan t  i n determinin g th e network' s 
success .  Therefore ,  th e trainin g se t  consiste d o f  5 0 
randoml y selecte d array s whos e sum-square d distanc e 
fro m th e targe t  arra y { 1 2 3  4  5  6 )  wa s les s tha n o r 
equa l  t o 20 ,  an d 5 0 randoml y selecte d array s whos e 

sum-square d distanc e wa s greate r  tha n 20. ^ 
Thi s conespond s t o th e assumptio n tha t  man y o f 

th e event s from  whic h th e youn g chil d learn s abou t 
seriatio n involv e nearl y seriate d arrays .  W h e n item s 
ar e completel y disordered ,  th e chil d i s les s likel y t o 
conceiv e o f  the m i n term s o f  a  serie s an d therefor e 
may no t  attemp t  t o seriat e them .  O n th e othe r  hand ,  i f 
item s ar e largel y ordered ,  th e chil d i s mor e likel y t o 
conceiv e o f  the m a s a  nearl y complete d series .  Suc h a 
nearl y complete d serie s migh t  the n serv e a s a  cu e fo r 
completio n o f  th e ordere d series . 

I n orde r  t o reflec t  th e findin g tha t  eve n youn g 
childre n ca n seriat e smal l  set s o f  stick s (Koslowski , 
1980) ,  2 0 randoml y selecte d array s containin g onl y 
thre e element s (e.g. ,  { 0 0 3 1 2 0) )  wer e adde d t o th e 
trainin g se t 

Macroscopi c seriatio n behavio r  i s evaluate d b y 
presentin g th e networ k wit h a  standar d aira y { 5 2 4 1 6 

3} ,  no t  presen t  i n th e trainin g patterns. ^  Th e m o v e 
outpu t  b y th e networ k i s carrie d ou t  b y movin g th e 
selecte d stic k an d adjustin g th e other s i n orde r  t o fill 
th e empt y slots .  Th e resultin g arra y i s the n cycle d 
bac k a s inpu t  t o th e network .  Sinc e thi s syste m i s 
deterministic ,  th e cyclin g proces s i s terminate d onc e 
an arra y ha s appeai& d twice .  Th e resultin g collectio n o f 
anay s constitute s a  trac e o f  th e network' s seriatio n 
paformance . 

Stag e diagnosi s require s informatio n o n bot h th e 
final  stat e o f  th e arra y an d th e metho d use d t o arriv e a t 
tha t  fina l  array .  Diagnosi s i s controversial ,  eve n i n 
children ,  a s a  variet y o f  criteri a ar e use d (Kingma , 
1982) .  Here ,  stage s 1  an d 2  ar e diagnose d a s describe d 
by Piaget .  T o distinguis h betwee n stag e 3  (empirical ) 
and stag e 4  (operational )  seriators ,  bot h th e procedur e 
use d an d th e numbe r  o f  self-correction s criterio n ar e 
simultaneousl y applied .  A  networ k i s classifie d a s 
stag e 4  i f  i t  correctl y construct s a  serie s accordin g t o 
th e operationa l  metho d wit h a t  mos t  on e erro r  from 
whic h i t  continue s usin g th e sam e operationa l  method , 
or  i f  i t  seriate s i n th e sam e o r  fewe r  move s tha n 
require d b y th e operationa l  method .  I t  i s  classifie d a s 
stag e 3  i f  i t  construct s a  complete d serie s i n an y othe r 

2 Th e unbiase d populatio n o f  array s consist s o f 
151 (21% )  lo w disorde r  pattern s an d 56 9 (79% ) 
hig h disorde r  patterns . 

^  Thi s arra y i s maximall y disordere d fro m bot h 
decreasin g an d increasin g serie s (Retschitzki , 
1978) . 

way.  T o b e classifie d a s a  prope r  stage ,  a  behavio r 
must  las t  a t  leas t  fou r  consecutiv e epochs . 

R e s u l t s 

Under  these conditions, networks typically exhibited 
behavio r  i n al l  fou r  stages .  Figur e 3  show s a 
representativ e networ k progressin g throug h stage s 1 , 
2,  3 ,  an d the n 4 .  Seve n o f  th e 2 0 network s progresse d 
throug h thi s fou r  stag e sequence ,  ofte n wit h a  larg e 
overla p betwee n adjacen t  stage s suggestin g that ,  fo r 
some o f  th e developmenta l  period ,  n o singl e stag e i s 
trul y characteristi c o f  th e network' s behavior .  Th e 
transition s ar e soft ,  wit h adjacen t  stage s graduall y 
mergin g int o on e another . 

TO 
cf 5 
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2 -

— I  1  1  1  1  1 — 
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Figure 3. Stage diagnosis in one seriation network 
acros s epochs  o f  learning . 

Thre e o f  th e 2 0 network s progresse d throug h stage s 
1,  2 ,  an d 4 .  Thes e net s showe d som e stag e 3  behavior , 
but  i t  wa s to o wea k t o b e considere d a s consistent . 
Thre e net s progresse d throug h stage s 1 ,  2 ,  an d 3 . 
Thes e network s ofte n showe d a n earl y bu t  brie f  stin t 
of  stag e 4  behavio r  followe d b y regression s eithe r  t o 
stag e 3  o r  t o eve n lowe r  leve l  stages .  Thi s suggest s 
tha t  ove r  trainin g m a y hav e occurred .  Five  networic s 
progresse d throug h stage s 1,3 ,  an d 4 .  Agai n ther e wa s 
evidenc e o f  stag e 2  behavio r  i n som e o f  thes e nets ,  bu t 
i t  wa s no t  sufficientl y marke d t o constitut e a  stage . 
The remainin g tw o net s onl y showe d stron g behavio r 
i n tw o o f  th e fou r  possibl e stages .  Tha t  i s no t  t o sa y 
tha t  othe r  stage s wer e no t  represented ,  bu t  tha t  the y 
wer e briefl y presen t  an d onl y i n co-occurrenc e wit h 
anothe r  for m o f  behavior . 

A ke y questio n tha t  remain s t o b e addresse d i s 
whethe r  thes e network s respon d t o perceptual 
variation s i n th e sam e wa y a s childre n do .  T o tes t  this , 
we ra n thre e additiona l  simulation s i n whic h th e 
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trainin g se t  consiste d onl y o f  th e 10 0 si x elemen t 
array s describe d earlier .  Th e thre e simulation s differe d 
onl y i n th e siz e o f  th e differenc e betwee n adjacen t 
ordere d sticks :  1.0 ,  0.5 ,  o r  0.25 .  Th e proportion s o f 
2 0 network s abl e t o complet e a  ful l  sor t  b y th e en d o f 
trainin g (i.e. ,  b e diagnose d a s stag e 3  o r  4 )  wer e 0.85 , 
0.55 ,  0.15 ,  respectively .  Thus ,  a s wit h children ,  th e 
mor e easil y th e stic k size s ca n b e distinguished ,  th e 
bette r  th e network' s seriatio n performance . 

Further ,  8 5 % o f  th e net s traine d wit h 1. 0 siz e 
difference s wer e diagnose d a t  stag e 4 ,  a s compare d t o 
onl y 2 5 % o f  th e net s traine d wit h 0. 5 siz e differences . 
Thi s support s Piaget' s (1965 )  vie w tha t  stag e 3 
performer s woul d b e classe d a t  stag e 4  a s siz e 
difference s betwee n stick s increase . 

I n orde r  t o obtai n a  bette r  ide a o f  h o w th e 
informatio n fro m th e inpu t  arra y i s processe d b y th e 
networ k t o selec t  an d m o v e a  stick ,  Hinto n diagram s 
wer e generate d a t  selecte d epoch s tha t  represente d 
consisten t  stag e behavior .  Thes e diagram s provid e a 
visua l  displa y o f  th e strengt h an d sig n o f  th e weight s 
i n th e networic .  Hence ,  i t  i s  possibl e t o follo w th e 
weigh t  evolutio n whic h lead s t o th e particula r  solutio n 
settle d o n b y th e learnin g algorithm .  Inspectio n o f  th e 
Hinto n diagram s reveale d n o drasti c difference s i n 
weight s betwee n adjacen t  stages .  Instead ,  stag e 
difference s wer e marke d b y rathe r  smal l  modification s 
i n th e size s o f  weights . 

Th e Hinto n diagram s als o reveale d tha t  th e buildin g 
of  a  representationa l  structur e i n th e networ k bega n b y 
adjustin g weight s leadin g t o thos e unit s dealin g wit h 
th e shor t  en d o f  th e serie s an d wa s progressivel y 
extende d alon g th e lengt h o f  th e serie s unti l  finall y 
appropriat e weight s wer e foun d fo r  thos e unit s codin g 
th e large r  en d o f  th e series .  Thi s i s consisten t  wit h 
Trabasso' s (1977 )  suggestio n tha t  childre n buil d a 
linea r  orde r  menta l  representatio n o f  th e seriatio n tas k 
by proceedin g fro m th e end s o f  th e serie s inwards . 

D i s c u s s i o n 

This work contributes to the view that connectionist 
method s ca n b e successfull y applie d t o th e stud y o f 
cognitiv e development .  Th e presen t  model s captur e 
stag e transition s an d perceptua l  effect s i n seriation , 
bot h o f  whic h ha d elude d previou s rule-base d models . 

Thi s  ̂ proac h t o seriatio n highlight s feature s o f  th e 
networ k an d environmen t  whic h hav e repercussions  fo r 
understandin g children' s abilit y  t o seriate .  A  close r 
examinatio n o f  th e assumption s o f  suc h model s migh t 
identif y principle s whic h coul d constitut e th e 
beginning s o f  a  nove l  theor y o f  cognitiv e 
development ,  includin g seriatio n developmen t 

T wo ke y facet s o f  th e learnin g environmen t  ca n b e 
stressed .  Ou r  mos t  realisti c model s ar e biase d toward s 
lowe r  disorde r  stimul i  i n th e learnin g environment . 
Ther e i s als o a  bia s toward s learnin g fro m smal l  set s 
of  elements .  A  precociou s abilit y  t o seriat e small 
array s coul d produc e th e empirica l  trie s characteristi c 

of  stag e 3  o n large r  array s i f  childre n wer e applyin g 
th e operationa l  metho d t o adjacen t  subset s o f  th e 
series ,  rathe r  tha n t o th e entir e series . 

Wit h regar d t o th e processin g involve d i n seriation , 
our  mode l  point s t o a  modularizatio n o f  th e tas k int o 
tw o independen t  sub-tasks .  O n e modul e i s devote d t o 
identifyin g whic h elemen t  i n a  se t  need s t o b e moved , 
wherea s th e othe r  i s devote d t o identifyin g wher e a n 
elemen t  shoul d b e moved .  Th e observe d macroscopi c 
behavio r  i s therefor e a  resul t  o f  th e interactio n o f  th e 
developmenta l  state s o f  thes e tw o modules . 

I n contrast ,  pilo t  seriatio n simulation s wit h a  non -
modula r  ne t  faile d t o bot h lear n seriatio n an d captur e 
psychologica l  regularities .  Te n t o 2 0 hidde n unit s wer e 
ofte n recruite d durin g learning ,  ye t  thes e net s faile d l o 
develo p pas t  stag e 2  performance .  Th e succes s o f  a 
modula r  approac h ca n b e attribute d t o functiona l 
decompositio n (i.e. ,  th e elementar y component s o f  a 
comple x functio n ten d t o b e easie r  t o lear n tha n th e 
comple x functio n itsel O an d t o greate r  generalizabilit y 
du e t o th e constraint s buil t  int o th e architectur e 
(Jacobs ,  Jordan ,  &  Barto ,  1991) . 

Th e presen t  seriatio n simulation s wer e th e first  o f 
our  cascade-correlatio n simulation s o f  cognitiv e 
developmen t  t o requir e modularity .  T h e othe r 
simulation s generate d psychologicall y realisti c dat a 
wit h a  single ,  non-modula r  network .  W e expec t  t o 
hav e t o resor t  t o mor e modularit y a s w e simulat e 
large r  an d mor e difficul t  developmenta l  problems . 

Our  presen t  networ k mode l  als o show s tha t  th e 
processin g involve d i n seriatio n ca n b e achieve d usin g 
onl y brai n styl e computationa l  methods .  Th e 
underlyin g principle s involve d ar e thos e o f  activatio n 
and inhibitio n rathe r  tha n th e explici t  applicatio n o f 
symboli c rule s o r  applicatio n o f  th e logica l  principle s 
assume d b y Piaget . 

Analysi s o f  Hinto n diagram s o f  networ k weight s 
reveals  tha t  seriatio n developmen t  i s essentiall y  du e t o 
an increas e i n th e precisio n o f  processin g rathe r  tha n 
t o an y fundamenta l  reorganizatio n o f  processing .  Thi s 
findin g i s radicall y oppose d t o Piaget' s initia l 
conclusions ,  bu t  conform s t o Koslowski' s (1980 ) 
suggestio n concernin g developmenta l  increase s i n th e 
precisio n wit h whic h systemati c sortin g i s applied . 

Thi s gradualis m stand s i n contras t  t o som e othe r 
cascade-correlatio n model s i n whic h macroscopi c 
change s i n stag e ar e du e t o underlyin g qualitativ e 
change s i n networ k structur e (Shult z &  Schmidt , 
1991) .  S o m e developmenta l  change s appea r  t o requir e 
qualitativ e change s i n representationa l  power ,  wherea s 
other s d o not .  Thi s i s on e o f  severa l  issue s i n 
cognitiv e developmen t  whic h ca n b e investigate d mor e 
easil y i n neura l  network s tha n i n children .  O n e 
advantag e o f  employin g generative ,  a s oppose d t o 
static ,  network s i n suc h simulation s i s tha t  th e 
necessit y o f  qualitativ e chang e ca n b e assessed . 

Finally ,  th e Zeitgeis t  o f  th e connectionis t  approac h 
focuse s ou r  attentio n o n th e nee d fo r  a  tighte r 
integratio n o f  perceptua l  an d cognitiv e factor s whe n 
studyin g cognitiv e development .  Th e perceptua l  effect s 
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simulate d i n ou r  seriatio n mode l  ar e reminiscen t  o f 
othe r  perceptua l  effect s foun d i n cognitiv e 
developmenta l  simulation s (Shult z &  Schmidt ,  1991) . 
Such perceptua l  phenomen a see m particularl y difTicul t 
fo r  symboli c rule-base d model s t o explain . 
Connectionis t  simulation s ar c showin g tha i  man y o f 
thes e perceptua l  effect s ca n b e handle d withi n ih c sam e 
processin g syste m tha t  generate s rule-lik e an d stage -
lik e behaviors . 

Insight s generate d b y thes e simulation s will ,  o f 
course ,  nee d t o b e teste d i n researc h wit h children . 
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