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Rul e learnin g b y Habituatio n ca n b e Simulate d i n Neura l  Ne twork s 

Thomas R. ShuUz (sluilt/.@psych.mcgill.ca) 
Departmen t  oi'lNyiliology ;  McGil l  Universit y 

Montreal .  Q C H 3 A 1 8 1 Canad a 

Abstrac t 

Contrary to a recent claim that neural network models are 
unabl e t o accoun t  fo r  dat a o n infan t  habituatio n t o artificia l 
languag e sentences ,  th e presen t  simulation s sho w successfu l 
coverag e wit h cascade-correlatio n network s usin g analo g 
encoding .  Th e result s demonstrat e tha t  a  symboli c rule-base d 
accoun t  i s no t  require d b y th e infan t  data . 

One of the fundamental issues of cognitive science 
continue s t o revolv e aroun d whic h typ e o f  theoretica l  mode l 
bette r  account s fo r  huma n cognitio n -  a  symboli c rule -

base d accoun t  o r  a  sub-symboli c neura l  networ k account .  A 
recen t  stud y o f  infan t  habituatio n t o expression s i n a n 
artificia l  languag e claim s t o hav e struc k a  damagin g blo w t o 
th e neura l  networ k approac h (Marcus ,  Vijayan ,  Rao ,  & 
Vishton ,  1999) .  Th e result s o f  thei r  stud y sho w tha t  7 -
month-ol d infant s atten d longe r  t o sentence s wit h unfamilia r 
structure s tha n t o sentence s wit h familia r  structures . 

Becaus e o f  certai n feature s o f  thei r  experimenta l  desig n 
and thei r  ow n unsuccessfu l  neura l  networ k models ,  Marcu s 
et  al .  conclud e tha t  neura l  network s canno t  simulat e thes e 
result s an d tha t  infant s posses s a  rule-learnin g capabilit y 
unavailabl e t o neura l  networks .  A  companio n articl e 
suggest s tha t  rul e learnin g i s a n innatel y provide d capacit y 
of  th e huma n mind ,  distinc t  fro m associativ e learnin g 
mechanism s lik e thos e i n neura l  network s (Pinker ,  1999) . 

My pape r  present s neura l  networ k simulation s o f  th e ke y 
feature s o f  th e Marcu s e t  al .  (1999 )  experiment ,  thu s 
showin g tha t  thei r  infan t  dat a d o no t  uniquel y suppor t  a 
rule-base d account . 

Psychological Evidence and One Interpretation 

Marcu s e t  al .  (1999 )  presen t  experiment s i n whic h 7-month -
ol d infant s habituat e t o three-wor d sentence s i n a n artificia l 
languag e an d ar e the n teste d o n nove l  sentence s tha t  ar e 
eithe r  consisten t  o r  inconsisten t  wit h thos e t o whic h th e 
infan t  ha s habituated .  I n on e experiment ,  illustrate d i n th e 
firs t  thre e column s o f  Tabl e 1 ,  infant s habituate d t o 
sentence s exhibitin g a n A B A pattern ,  fo r  example ,  g a t i  g a 
or  / /  n a U .  Ther e wer e 1 6 o f  thes e A B A sentences ,  create d 
by combinin g fou r  A  word s {ga ,  li ,  ni ,  an d to )  wit h fou r  B 
word s (ti ,  na ,  gi ,  an d la) .  The n th e infant s wer e presente d 
wit h tw o nove l  sentence s tha t  wer e consisten t  wit h th e A B A 
patter n (w o f e wo ,  an d d e k o de )  an d tw o nove l  sentence s 
tha t  wer e inconsisten t  wit h A B A becaus e the y followe d a n 
A BB patter n {w o f e fe ,  an d d e k o ko) .  A  second ,  contro l 
conditio n habituate d infant s t o sentence s wit h a n A B B 

pattern ,  fo r  example ,  g a t i  t i  an d g a n a na.  Again ,  1 6 suc h 

sentence s wer e create d b y combinin g th e fou r  A  word s wit h 
th e fou r  B  words .  Th e tes t  sentence s wer e th e sam e i n thi s 

secon d condition ,  bu t  her e th e nove l  A B B sentence s wer e 

consisten t  an d th e nove l  A B A sentence s wer e inconsisten t 

wit h th e habituate d A B B pattern . 

Table 1: Conditions and error in simulation of Experiment 1 

Procedur e Conditio n I  Conditio n 2  M e a n S E 

Habituat e 
Consisten t 

Inconsisten t 

ABA 
ABA 
ABB 

ABB 
ABB 
ABA 

0.64 9 
1.57 7 

0.10 7 
0.08 8 

The dependen t  measur e wa s lookin g time .  Durin g th e tes t 
phase ,  i f  th e infan t  looke d a t  a  flashin g ligh t  t o he r  lef t  o r 
right ,  a  tes t  sentenc e wa s playe d fro m a  speake r  nea r  tha t 
light .  A  tes t  sentenc e wa s playe d ove r  an d ove r  unti l  th e 
infan t  eithe r  looke d awa y o r  unti l  1 5 s  elapsed .  Infant s 

attende d mor e t o inconsisten t  nove l  sentence s tha n t o 
consisten t  nove l  sentences ,  indicatin g tha t  the y wer e 
sensitiv e t o grammatica l  difference s betwee n th e sentences . 

Marcu s e t  al .  designe d anothe r  experiment ,  describe d i n 
th e first  thre e column s o f  Tabl e 2 ,  tha t  contraste d 
habituatio n t o A B B sentence s wit h A A B sentences .  Th e 
ide a wa s t o rul e ou t  th e possibilit y  tha t  infant s migh t  hav e 
use d th e presenc e o r  absenc e o f  duplicate d word s t o 
distinguis h grammatica l  type s i n thei r  othe r  experiments . 
For  example ,  A B A sentence s duplicat e n o words ,  bu t  A B B 
sentence s d o (b y duplicatin g B ) .  I n thi s Experimen t  3 ,  bot h 
grammatica l  sequence s hav e duplicate d words . 

Tabl e 2 :  Condition s an d erro r  i n simulatio n 

Procedur e Conditio n 1  Conditio n 2 

Habituat e A B B A A B 
Consisten t  A B B A A B 
Inconsisten t  A A B A B B 

of  Experimen t  3 

M e an S E 

0.57 0 0.10 0 
1.49 1 0.07 2 

Infant s performe d i n a  simila r  fashio n i n bot h 
experiments ,  i.e. ,  the y attende d mor e t o inconsisten t  tha n t o 
consisten t  nove l  sentences .  Al l  infant s excep t  on e showe d 
th e predicte d preferenc e fo r  inconsisten t  ove r  consisten t  tes t 
sentences .  Th e issu e i s th e prope r  theoretica l  accoun t  o f  thi s 
grammatica l  knowledg e — i s i t  base d o n rule s o r  o n 
connections ? 

Marcu s e t  al .  argu e tha t  thes e simpl e grammar s coul d no t 
be learne d b y a  computationa l  syste m tha t  i s sensitiv e onl y 
t o transitiona l  probabilitie s o r  even t  frequencies . 
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Transitiona l  probabilitie s woul d no t  wor k becaus e th e 

transitiona l  probabilitie s fo r  nove l  word s woul d b e 0 . 

Countin g th e number s o f  duplicate d word s migh t  wor k fo r 

Experimen t  1 ,  bu t  no t  fo r  Experimen t  3 ,  wher e bot h 

grammar s ha d duplicat e words .  Nonetheless ,  Marcu s e t  al . 
briefl y mentio n thei r  unsuccessfu l  attempt s t o simulat e thes e 

habituatio n dat a wit h simpl e recunen t  netwmk s suc h a s 

thos e use d b y Elma n (1990) . 

No detail s o f  th e cours e o f  habituatio n o f  attentio n o r  th e 

exten t  o f  recover y wer e reporte d b y Marcu s e t  al .  No r  wa s 

ther e a n implementatio n o f  a  rule-base d mode l  t o accoun t 

fo r  th e habituatio n dat a o r  a  theoretica l  analysi s o f  ho w rul e 

learnin g migh t  b e use d i n th e computatio n o f  habituation .  I n 

any case ,  th e challeng e raise d b y Marcu s e t  al .  i s interestin g 

and worthwhile .  I t  i s  interestin g becaus e habituatio n i s 

importan t  an d stil l  poorl y understood ,  an d worthwhil e 

becaus e o f  th e implication s fo r  th e fundamenta l  debat e o n 
rule s vs .  connections . 

Habituation as Encoding and Decoding in 

Neura l  Network s 

One computationa l  accoun t  o f  habituatio n ha s bee n i n term s 
of  th e encodin g an d decodin g processe s involve d i n so -

calle d encode r  network s (Marescha l  &  French ,  1997) . 
Encode r  network s hav e outpu t  unit s identica l  t o thei r  inpu t 

units .  Thei r  tas k i s t o reproduc e thei r  input s o n thei r  outpu t 
units .  Wit h layer-to-laye r  connectivity ,  a n encode r  networ k 
must  encod e inpu t  signal s ont o a  laye r  o f  hidde n unit s an d 
the n decod e th e hidde n uni t  representation s ont o th e outpu t 

units .  I f  th e numbe r  o f  hidde n unit s  i s les s tha n th e numbe r 

of  inpu t  o r  outpu t  units ,  the n th e encode r  networ k learn s t o 
absuac t  a  compac t  representatio n o f  th e proble m o n it s 
hidde n units .  Suc h compac t  abstraction s generaliz e t o nove l 
input s an d enabl e prototyp e phenomen a an d patter n 
completio n skill s  (Hertz ,  Krogh ,  &  Palmer ,  1991) . 

How migh t  encode r  network s b e relate d t o habituation ? 
The habituatio n techniqu e i s arguabl y th e mos t  importan t 
methodologica l  advanc e i n developmenta l  psycholog y i n 
thi s century .  Th e reaso n fo r  thi s i s tha t  habituatio n enable s 

th e systemati c stud y o f  perceptua l  an d conceptua l  abilitie s 
i n non-verbal ,  response-impoverishe d infant s (Cohen , 
1979) .  Unlik e th e stud y o f  mer e preferences ,  habituatio n ca n 
be use d eve n whe n n o preference s exist .  Eve n i f  th e infan t 

exhibit s n o natura l  preference s betwee n stimulu s categories , 
suc h preference s ca n b e experimentall y inu-oduce d b y 
habituatin g th e infan t  t o on e categor y an d measurin g 

dishabituatio n t o anothe r  contrastin g category .  Th e 
response s require d t o sho w habituatio n an d dishabituatio n 

ar e availabl e a t  birt h (Slater ,  1995) .  Al l  tha t  i s  require d i s 

visua l  attention ,  hea d turning ,  o r  somethin g a s passiv e a s 
hear t  rate .  Thes e advantage s hav e enable d dozen s o f 
discoverie s o f  perceptua l  an d cognitiv e abilitie s i n youn g 
infant s ove r  th e pas t  3 0 year s usin g habituatio n 

methodology .  Infant s hav e bee n demonstrate d t o perceiv e 
color ,  form ,  comple x patterns ,  faces ,  an d intricat e relations , 
t o lear n categorie s an d prototypes ,  t o perceiv e perceptua l 

constancies ,  t o kno w abou t  objec t  permanenc e an d 

causality ,  t o identif y objects ,  an d t o for m bot h short-ter m 

and long-ter m memorie s fo r  object s an d event s (e.g. ,  Cohen , 
1979;  Haith ,  1990 ;  Oake s &  Cohen ,  1990 ;  Quin n &  Eimas , 

1996) .  Th e memorie s identifie d i n habituatio n studie s ar e 

essentiall y  recognitio n memorie s — th e recognitio n o f  a 
stimulu s a s bein g a  member  o f  a  previousl y habituate d 

category . 
What  i s goin g o n durin g th e processe s o f  habituatio n an d 

dishabituation ? Th e standar d vie w i s tha t  infant s graduall y 

construc t  representationa l  categorie s fo r  stimul i  tha t  the y 

encounte r  (Cohen ,  1973 ;  Sokolov ,  1963) .  Thi s categor y 

buildin g i s enable d b y visua l  attention ,  a s wel l  a s b y othe r 

sensor y modalities .  Onc e a  representationa l  categor y i s 

constructe d vi a attentio n an d processing ,  th e infan t  n o 

longe r  need s t o atten d s o muc h t o stimul i  o f  tha t  category . 

When th e infan t  encounter s a  ne w stimulus ,  h e compare s i t 

t o store d representation s o f  existin g stimulu s categories .  I f 
th e ne w stimulu s matche s a  store d category ,  the n i t  wil l 

likewis e elici t  littl e o r  n o attention .  Bu t  i f  th e ne w stimulu s 
i s no t  recognize d a s a  member  o f  a n existin g category ,  the n 

i t  receive s additiona l  attentio n an d processing .  Thi s i s a 

syste m tha t  seem s adaptiv e i n encouragin g th e infan t  t o 
expen d cognitiv e resource s o n nove l  informatio n an d thu s 

continu e t o lear n abou t  th e world . 

Ther e ar e man y interestin g aspect s t o th e habituatio n 

literature .  Amon g the m i s a  tendenc y fo r  attentio n t o 
habituat e graduall y i n a  negativel y accelerate d fashio n -

fas t  a t  firs t  an d the n slowin g dow n t o a n asymptot e o f  n o 
attention .  Th e gradua l  decreas e i s perhap s a  natura l 

consequenc e o f  th e fac t  tha t  buildin g representation s i n 

relativel y naiv e infant s take s tim e an d effort .  Th e negativ e 
acceleratio n i s a  natura l  consequenc e o f  th e fac t  tha t 
attentio n t o a  stimulu s ma y star t  a t  a  hig h leve l  an d i s 

bounde d a t  none . 
The basi c ide a enablin g a  lin k betwee n habituatio n an d 

encode r  network s i s tha t  encode r  network s mode l  ho w on e 
migh t  lear n abou t  stimul i  fro m attendin g t o them .  Relation s 
among stimulu s feature s ar e abstracte d i n th e hidde n uni t 
representation s a s connectio n weight s ar e adjusted .  Ne w 

stimul i  tha t  produc e simila r  representation s an d littl e o r  n o 
erro r  ar e i n a  sens e recognize d a s familiar .  Thos e stimul i 

tha t  produc e differen t  representation s an d larg e erro r  ar e 
essentiall y  unrecognize d an d considere d a s novel .  Th e ke y 
assumptio n i n thi s modelin g o f  habituatio n wit h encode r 
network s i s tha t  networ k erro r  correspond s t o th e nee d t o 

du"ec t  curren t  attentiona l  resource s (Marescha l  &  French , 

1997) .  Th e theoretica l  contributio n o f  thi s analysi s i s a 
computationall y precis e implementatio n o f  th e 

representatio n an d processin g involve d i n habituatio n a s 

presentl y understood . 

The Current Model 

Cascade-correlatio n 

The propose d mode l  o f  habituatio n use s a n encode r  versio n 
of  th e cascade-correlatio n learnin g algorithm .  Cascade -
correlatio n i s a n algorith m fo r  learnin g i n feed-forwar d 

neura l  network s (Fahlma n &  Lebiere ,  1990) .  Unlik e 
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standar d back-propagatio n networks ,  whos e topologie s ar e 

designe d b y han d an d remai n stati c a s connectio n weight s 

ar e adjusted ,  cascade-correlatio n network s gro w a s wel l  a s 

learn .  The y gro w b y recruitin g n e w hidde n unit s int o th e 

networ k a s require d t o reduc e erro r  a t  th e outpu t  units .  N e w 
hidde n unit s ar e recruite d on e a t  a  tim e an d installe d eac h o n 

a separat e laye r  wit h inpu t  connection s from  th e inpu t  unit s 
and from  an y existin g hidde n units .  Th e candidat e hidde n 

uni t  tha t  get s recruite d i s th e on e whos e activation s correlat e 

most  highl y wit h th e network' s curren t  erro r  a s th e inpu t 
weight s t o th e candidate s ar e adjusted . 

Cascade-correlatio n als o differ s from  standar d back -

propagatio n b y usin g curvatur e a s wel l  a s slop e informatio n 

fro m th e erro r  surfac e i n makin g weigh t  adjustments .  Thi s 

additiona l  informatio n abou t  th e erro r  surface ,  whic h i s 
approximate d i n a  computationall y efficien t  way ,  enable s 

more decisiv e an d effectiv e weigh t  adjustments . 
Cascade-correlatio n wa s designe d t o solv e tw o o f  th e 

majo r  problem s wit h back-propagatio n — slo w learnin g an d 
inabiht y t o lear n som e difficul t  problems .  O n average ,  i t 
leam s abou t  10-5 0 time s faste r  tha n standar d back -
propagation ,  an d i t  leam s problem s tha t  ar e to o difficul t  fo r 
standar d back-propagatio n network s (Fahlma n &  Lebiere , 
1990) .  S o m e o f  th e neurologica l  justificatio n fo r  generativ e 
network s suc h a s cascade-correlatio n i s reviewe d b y Quart z 
and Sejnowsk i  (1997) . 

Cascade-correlatio n ha s prove d usefu l  i n simulatin g m a n y 
aspect s o f  cognitiv e development ,  includin g th e balanc e 
scal e (Shultz ,  Mareschal ,  &  Schmidt ,  1994) ,  conservatio n 
(Shultz ,  1998) ,  seriatio n (Marescha l  &  Shultz ,  i n press) , 

pronou n semantic s (Takane ,  Oshima-Takane ,  &  Shultz , 
1995) ,  numbe r  compariso n (Hashm i  &  Shultz ,  1998) , 
discriminatio n shif t  learnin g (Siroi s &  Shultz ,  1998) ,  an d 
integratio n o f  velocity ,  time ,  an d distanc e cue s 
(Buckingha m &  Shultz ,  1994 ,  1996) .  I n thes e models , 
networ k behavio r  become s rule-lik e wit h learning ,  bu t  rule s 
ar e no t  th e actua l  representation s o f  knowledg e an d rul e 
firin g i s no t  th e mechanis m fo r  cognitiv e processing .  Rule s 
ar e instea d high-level ,  epi-phenomena l  characterization s o f 
what  i s happenin g a t  th e sub-symboli c leve l  o f  uni t 
activation s an d connectio n weights .  A m o n g th e m a n y 
advantage s o f  implementin g rule-lik e behavio r  i n neura l 
activit y ar e acquisitio n o f  non-normativ e rules ,  natura l 
variatio n acros s problem s an d individuals ,  theoretica l 
integratio n o f  perceptua l  an d cognitiv e phenomena ,  an d 
achievemen t  o f  th e righ t  degre e o f  crispnes s i n knowledg e 
representations .  Severa l  networ k prediction s wer e 
confirme d i n subsequen t  psychologica l  studies . 

An Encoder Version of Cascade-correlation 

An apparen t  proble m fo r  usin g standar d cascade-correlatio n 
i n encode r  problem s i s tha t  i t  create s m a n y cross -
connection s tha t  bypas s hidde n units .  Th e mos t  troublesom e 
of  thes e fo r  encode r  simulation s ar e th e direc t  connection s 
from  inpu t  t o outpu t  units ,  whic h coul d solv e an y encode r 
proble m i n a  trivia l  wa y b y rapidl y learnin g weight s o f  I 
betwee n a n inpu t  uni t  an d it s correspondin g outpu t  unit .  Th e 

solutio n i s t o freeze  thes e direc t  input-to-outpu t  link s t o 

hav e value s o f  0 ,  no t  modifiabl e b y subsequen t  learning .  A s 

wit h back-propagatio n encode r  networks ,  al l  o f  th e 
computatio n mus t  the n emplo y hidde n units . 

Codinji the Marcus et al. Experiments 

Th e codin g schem e fo r  simulatio n o f  thes e experiment s i s a 
straightforwar d translatio n o f  word s int o a n analo g 

representatio n o f  rea l  numbers .  I n suc h analo g 
representations ,  degre e o f  activatio n encode s distinc t  input s 
and outputs .  Th e assignmen t  o f  word s t o number s i s 

arbitrar y bu t  consistent .  I n th e trainin g patterns ,  th e fou r 

level s o f  A  (ga ,  li ,  ni ,  ta )  ar e represente d b y th e number s I , 
3,  5 ,  an d 7 ,  respectively ,  an d th e fou r  level s o f  B  {ti ,  na ,  gi , 

and la )  b y th e number s 2 ,  4 ,  6 ,  an d 8 ,  respectively .  Hence , 
th e A B A sentence s g a t i  g a an d / /  n a l i  ar e represente d b y 1 

2 1  an d 3  4  3 ,  respectively .  T h e A B B sentence s g a t i  t i  an d 
ga n a n a ar e represente d b y 1  2  2  an d I  4  4 ,  respectively . 
Th e tes t  pattern s hav e value s no t  use d i n training ,  bu t  ar e 
interpolate d withi n th e trainin g values :  2. 5 fo r  wo ,  3. 5 for/e , 
5. 5 fo r  de ,  an d 6. 5 fo r  ko .  Thus ,  th e A B A tes t  sentenc e w o f e 
wo i s represente d b y 2. 5 3. 5 2.5 ;  an d th e A B B tes t  sentenc e 
de k o k o i s represente d b y 5. 5 6. 5 6.5 . 

I n previou s simulation s wit h cascade-correlatio n 
networks ,  w e hav e foun d tha t  analo g codin g scheme s ofte n 
enabl e excellen t  learnin g an d generalization .  Th e us e o f 
analo g representation s i s als o supporte d b y m a n y 
psychologica l  studies ,  particularl y o n numerica l  operation s 
(e.g. ,  Gelma n &  Gallistel ,  1978 ,  1992) . 

Procedure 

Sixtee n cascade-correlatio n network s wer e ru n i n eac h o f 
th e condition s o f  Marcu s e t  al.' s  Experiment s 1  an d 3 .  Eac h 
network ,  startin g wit h it s o w n randoml y determine d 
connectio n weights ,  includin g thos e initia l  weight s use d fo r 
candidat e hidde n units ,  correspond s t o a  uniqu e infant .  I n 
eac h network ,  ther e wer e thre e inpu t  unit s t o represen t  eac h 
of  th e thre e word s i n a  sentence ,  an d thre e outpu t  unit s t o 
represen t  th e targe t  response ,  tha t  is ,  th e sam e three-wor d 
sentence .  Th e outpu t  unit s ha d Unea r  activatio n function s t o 
enabl e thei r  approximatio n o f  rea l  numbers .  T h e encode r 
optio n ensure d tha t  direc t  input-to-outpu t  connection s wer e 
frozen  a t  0 ,  s o hidde n units ,  wit h sigmoi d activatio n 
function s woul d hav e t o b e recruited . 

Al l  cascade-correlatio n parameter s wer e equa l  t o 
Fahlman' s defaul t  value s wit h th e followin g exceptions . 
Score-threshold ,  th e tolerate d differenc e betwee n targe t  an d 
actua l  output s wa s raise d from  th e defaul t  o f  0. 4 t o 1. 0 i n 
orde r  t o reduc e th e crispnes s o f  th e rule s learne d b y th e 
network .  Withou t  thi s increase d sloppiness ,  network s woul d 
neve r  revers e th e differenc e betwee n consisten t  an d 
inconsisten t  tes t  sentence s a s di d on e o f  Marcu s e t  al.' s 
infants .  Trainin g continue d unti l  al l  outpu t  unit s produce d 
activation s withi n score-threshol d o f  thei r  targets .  Ther e ar e 
als o parameter s fo r  input-patienc e an d output-patienc e wit h 
defaul t  setting s o f  8 .  The y represen t  th e numbe r  o f  epoch s 
allowe d t o pas s wit h littl e o r  n o increas e i n correlatio n o r 
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reductio n i n enor ,  respecti\cly ,  before  shittin g phase. ' 

Cascade-correlatio n alternate s betwee n inpu t  an d outpu t 

phases ,  dependin g o n whethe r  a  hidde n uni t  i s  bein g 

recruite d o r  weight s goin g int o outpu t  unit s ar e bein g 

adjusted ,  respecti\ely .  1  change d thes e tw o patienc e value s 

t o 1 .  partl y t o increas e sloppines s i n networ k learnin g an d 

partl y because ,  o n thi s problem ,  performanc e di d no t 

improv e m u c h afte r  i t  faile d t o iinpro\ e o n a  singl e epoch . 

Results 

Result s i n term s o f  erro r  o n th e tw o type s o f  tes t  pattern s ar e 

presente d i n Tabl e 1  fo r  th e simulatio n o f  Experimen t  1 . 

Erro r  o n th e tes t  pattern s wa s subjecte d t o a  repeate d 

measure s A N O \ A i n whic h conditio n ( 1 vs .  2 )  serve d a s a 
betwee n networ k facto r  an d tes t  patter n (consisten t  vs . 

inconsistent )  serve d a s a  repeate d measure .  Neithe r  th e mai n 

effec t  o f  conditio n o r  th e conditio n x  tes t  patter n interactio n 
was significant .  However ,  ther e wa s a  substantia l  mai n 

effec t  o f  tes t  pattern ,  F(1.30 )  =  228 ,  p  <  .0001 .  A s reveale d 

i n Tabl e 1 ,  ther e wa s mor e erro r  t o th e inconsisten t  tes t 
pattern s tha n t o th e consisten t  tes t  patterns .  Wit h eiTo r 
considere d t o b e equivalen t  t o th e nee d fo r  furthe r  cognitiv e 

processing,  thi s resul t  muror s tha t  foun d wit h Marcu s e t  al.' s 

infan t  participants .  I n a  furthe r  paralle l  t o th e infan t  study , 

on e networ k produce d a  reversa l  o f  th e genera l  trend ,  i.e. ,  i t 
showe d (slightly )  mor e erro r  t o th e consisten t  tes t  pattern s 
tha n t o th e inconsisten t  tes t  patterns . 

Analogou s result s fo r  th e simulatio n o f  Experimen t  3  ar e 

presente d i n Tabl e 2 .  A  simila r  A N O V A yielde d onl y a 
substantia l  mai n effec t  o f  tes t  pattern ,  F(l,30 )  -  356 ,  p  < 
.0001 .  Again ,  a s reveale d i n Tabl e 2 .  ther e wa s mor e erro r  t o 
inconsisten t  tes t  pattern s tha n t o consisten t  tes t  patterns . 

A n d again ,  ther e wa s on e networ k wit h a  reversa l  o f  th e 
genera l  trend ,  i.e. ,  i t  showe d (slightly )  mor e erro r  t o th e 
consisten t  tes t  pattern s tha n t o th e inconsisten t  tes t  patterns . 

Apar t  fro m needin g a  score-threshol d o f  a t  leas t  1. 0 t o 

produc e an y reversal s o n th e tes t  patterns ,  othe r  simulation s 
showe d tha t  result s wer e robus t  agains t  systemati c variatio n 
i n th e score-threshol d an d patienc e parameters . 

A plo t  o f  result s fo r  on e representativ e networ k i s 

presente d i n Figur e 1 .  I t  show s a  negativel y accelerate d 
decreas e i n erro r  ove r  outpu t  epoch s o n th e trainin g patterns , 
m u ch lik e th e shap e o f  declinin g attentio n i n infan t 
habituatio n experiments .  Afte r  complet e succes s wit h th e 
trainin g patterns ,  th e consisten t  tes t  pattern s likewis e sho w 

ver y littl e error ,  bu t  th e inconsisten t  tes t  pattern s sho w 
considerabl e erro r  recovery ,  m u c h lik e dishabituatio n o f 
attentio n i n infants .  T h e epoch s a t  whic h hidde n unit s ar e 

recruite d ar e marke d wit h diamond s jus t  abov e th e trainin g 
errors .  A s i n othe r  cascade-correlatio n simulations ,  i t  i s 
noteworth y tha t  erro r  ofte n decrease s sharpl y afte r  a  n e w 

hidde n uni t  i s  recruited . 

Preliminar y analyse s o f  th e knowledg e representation s 
learne d b y thes e network s sugges t  tha t  th e hidde n unit s 
cluste r  o n tw o fundamenta l  components ,  eac h o f  whic h i s 

sensitiv e t o variatio n i n bot h th e A  an d B  categorie s o f 

words. ^  Th e two-dimensiona l  natur e o f  thi s proble m wa s 

furthe r  verifie d b y P C A s o f  th e ra w trainin g dat a i n eac h 

experimenta l  condition . 

Discussion 

Th e simulatio n result s sho w tha t  a  neura l  networ k mode l 

withou t  variable-lade n symboli c rule s ca n indee d simulat e 

th e result s o f  Marcu s e t  al.' s  (1999 )  infan t  habituatio n 

experiments .  Lik e th e infants ,  th e network s showe d gradua l 

habituatio n t o a  repeate d syntacti c form ,  an d recover y o f 

interes t  t o a n inconsisten t  nove l  for m bu t  no t  t o a  consisten t 

nove l  form .  Eve n th e occasiona l  reversa l  preferenc e b y a 

singl e individua l  wa s captured .  Thes e result s sho w tha t 

Marcu s e t  al.' s  finding s wit h infant s d o no t  uniquel y requir e 
a symboli c rule-base d account .  I t  m a y wel l  tur n ou t  tha t 

some computatio n i n human s i s base d o n explici t  symboli c 
rules ,  bu t  th e Marcu s e t  al .  dat a d o no t  provid e definitiv e 

proo f  fo r  thi s clai m a s i t  applie s t o infants .  Pinker' s (1999 ) 

argumen t  tha t  th e Marcu s e t  al .  dat a sugges t  a n innat e rule -
learnin g capacit y seems ,  a t  best ,  premature . 

Th e ke y featur e o f  th e presen t  simulation s woul d appea r 

t o b e th e us e o f  analo g encodin g fo r  th e inpu t  an d outpu t 
word s composin g a  sentence .  Generalizatio n t o nove l  item s 

i s k n o w n t o b e facilitate d b y analo g codin g scheme s i n 
whic h activatio n intensit y correspond s t o particula r 
representation s (Jackson ,  1997). '  Althoug h th e detail s o f 
Marcu s e t  al.' s  (1999 )  unsuccessfu l  simulation s wer e no t 

published ,  i t  migh t  b e speculate d tha t  the y employe d non -
analo g binar y codes .  Th e reaso n suc h code s migh t  no t 

generaliz e i s tha t  nove l  item s ar e code d o n unit s wit h 
untraine d connectio n weights .  Suc h failure s ar e analogou s 

t o expectin g tha t  I  ca n spea k Spanis h jus t  becaus e someon e 
I  neve r  interac t  wit h ha s learne d t o d o so . 

T h e us e o f  analo g codin g i s no t  merel y a  wa y o f 
smugglin g i n variabl e binding .  Analo g codin g b y itsel f  doe s 
not  implemen t  variabl e bindin g becaus e assignment s o f 
value s t o inpu t  unit s ar e los t  a s activatio n i s propagate d 
forwar d ont o non-linea r  hidde n units .  I n explici t  variable -

bindin g schemes ,  assignment s o f  value s t o variable s ar e 
preserve d fo r  us e i n late r  computation . 

I t  i s  possibl e tha t  othe r  neura l  networ k algorithms ,  suc h a s 
back-propagatio n o r  auto-association ,  woul d b e abl e t o 
simulat e thes e habituatio n data ,  usin g analo g o r  som e othe r 

codin g scheme .  I f  so ,  difference s betwee n successfu l 

algorithm s coul d b e explore d fo r  relativ e accurac y i n 
accountin g fo r  th e psychologica l  data . 

Othe r  futur e wor k o n thi s mode l  migh t  profitabl y addres s 
th e issu e o f  whethe r  a  successfu l  neura l  networ k mode l 
coul d us e a  mor e realisti c phoneti c codin g o f  th e input .  Ver y 
fe w neura l  networ k model s attemp t  t o cove r  everythin g 

fro m ra w stimul i  t o high-leve l  cognitiv e manipulations .  Bu t 

An epoc h i s a  presentatio n o f  al l  o f  th e trainin g patterns . 

Thes e analyse s ar e base d o n P C A  o f  networ k contribution s 
(Shultz ,  Oshima-Takane ,  &  Takane ,  1995) . 
'  Th e presen t  network s generaliz e t o A  an d B  syntacti c categorie s 
eve n outsid e o f  th e rang e o f  th e trainin g patterns . 
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such extension s woul d generat e mor e complet e 

understandin g o f  psychologica l  phenomena .  Th e finding 

tha t  phoneme s var y continuousl y o n sonorit y suggest s tha t  a 

more realisti c analo g encodin g migh t  b e feasibl e (Vroomeii , 

van de n Bosch ,  &  d e Gelder ,  1998) .  Researc h o n suc h 
realisti c codin g scheme s woul d b e necessar y t o simulat e 

Marcu s e t  al.' s  Experimen t  2 ,  whic h wa s designe d wit h 

particula r  phoneti c propertie s i n mind . 
Anothe r  usefu l  extensio n migh t  involv e th e us e o f 

recurren t  networks .  Non-recurren t  network s an d recurren t 
network s ca n bot h lear n tempora l  problems .  Th e essentia l 

differenc e betwee n the m i s a  tradin g o f  spac e fo r  tim e i n th e 

inpu t  codin g (Hert z e t  al. ,  1991) .  Recurren t  network s 
proces s input s i n sequenc e ove r  time ,  allowin g fo r 

sequence s o f  indeterminat e length ;  non-recurren t  network s 

represen t  input s o n differen t  inpu t  unit s simultaneously . 
Ther e i s a  recurren t  versio n o f  cascade-correlatio n tha t 
migh t  b e interestin g t o tr y o n thes e sentenc e habituatio n 

problems . 
It  i s  wort h stressin g tha t  th e presen t  mode l  i s no t  th e 

definitiv e treatmen t  o f  habituation .  Th e proces s o f 
habituatio n i s stil l  poorl y understoo d an d ther e ar e man y 
phenomena i n th e habituatio n literatur e tha t  woul d nee d t o 
be accounte d fo r  b y an y comprehensiv e model .  Thi s stud y i s 
essentiall y  a  demonstratio n tha t  th e Marcu s e t  al .  (1999 ) 
dat a ca n b e covere d b y a  neura l  networ k model . 

Becaus e a  turnabou t  i s ofte n considere d fai r  play ,  I  woul d 
lik e t o issu e a  reciproca l  challeng e t o thos e favorin g 
symboli c rule-base d model s o f  huma n cognitio n t o 
implemen t  seriou s model s o f  habituatio n phenomena .  Th e 

habituatio n literatur e i s extensiv e an d contain s som e o f  th e 
most  importan t  discoverie s i n developmenta l  psychology . 
They ar e largel y untouche d b y computationa l  modeling .  I t 
does no t  suffic e t o merel y re-describ e psychologica l 

phenomena i n term s o f  a  fe w symboli c rules .  I t  i s  criticall y 
importan t  t o implemen t  workin g model s tha t  includ e no t 
onl y knowledg e representatio n an d processin g bu t  als o 
learnin g an d developmen t  a s appropriate .  A m o n g th e 
significan t  challenge s fo r  rule-base d model s o f  habituatio n 
ar e clea r  link s wit h ne w o r  standar d theorie s o f  th e 
habituatio n process ,  th e gradua l  negativel y accelerate d 
shap e o f  habituatio n curves ,  individua l  difference s i n 
habituatio n rate s an d occasiona l  reversal s o f  genera l  trends , 
and th e dishabituatio n difference s reporte d b y Marcu s e t  al . 
(1999) .  On e o f  th e quickes t  cure s fo r  incorrec t  o r 
inappropriat e theoretica l  statement s an d model s i s th e 
disciplin e o f  actuall y tryin g t o implemen t  a  mode l  tha t 
cover s phenomen a i n a  principle d way . 

Anothe r  se t  o f  infan t  habituatio n dat a tha t  ha s bee n 
successfull y simulate d b y a n encode r  neura l  networ k mode l 
concern s asymmetri c exclusivit y effect s i n infan t  memor y 
and categorizatio n (Marescha l  &  French ,  1997) .  Infant s 
lear n th e categorie s o f  do g an d cat ,  bu t  wit h som e 
interestin g asymmetrie s (Quinn ,  Eimas ,  &  Rosenkrantz , 
1993) .  Essentially ,  dog s ar e no t  include d i n th e categor y o f 
cats ,  bu t  cat s ar e include d i n th e categor y o f  dogs . 

At  thi s point ,  th e onl y successfu l  model s o f  infan t 

habituatio n emplo y feed-forwar d connectionis t  model s 

withou t  explici t  variabl e binding . 
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Figur e 1 :  Result s fo r  a  representativ e networ k i n th e A B A conditio n o f  th e simulatio n o f  Experimen t  1 .  Erro r  o n th e trainin g 
pattern s decrease s i n a  negativel y accelerate d fashio n ove r  time ,  representin g habituation .  Erro r  remain s lo w fo r  th e 
consisten t  test ,  bu t  increase s fo r  th e inconsisten t  test ,  demonstfatin g dishabituatio n t o novelty .  Th e diamon d shape s represen t 

th e epoch s a t  whic h hidde n unit s wer e recruited. * 

*  Erro r  i s  divide d b y th e numbe r  o f  pattern s an d plotte d ove r  output-phas e epochs .  Input-phas e epoch s ar e no t  include d i n suc h plot s 
becaus e ther e i s n o chang e i n networ k performanc e durin g inpu t  phases .  Th e first  thre e outpu t  epoch s ar e omitte d fi^om  thi s plo t  t o improv e 
clarit y becaus e erro r  start s quit e hig h an d drop s dramaticall y b y virtu e o f  adjustmen t  o f  weight s fro m th e bia s unit .  Th e bia s uni t  i s alway s 
on,  wit h a n activatio n o f  1 ,  regardles s o f  th e inpu t  pattern .  I t  ha s trainabl e connectio n weight s t o al l  non-inpu t  units ,  specifyin g thei r  restin g 
level s o f  activation . 
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