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Neura l  N e t w o r k M o d e l s o f  Discriminatio n Shift s 

Sylvai n Siroi s (sirois@psych.mcgill.ca ) 

Departmen t  o f  Psychology ;  McGil l  University ,  120 5 D r  Penfiel d Avenu e 
Montreal ,  Q c H 3 A IB l  Canad a 

Thomas R. Shultz (shultz@psych.mcgill.ca) 
Departmen t  o f  Psychology ;  McGil l  University ,  120 5 D r  Penfiel d Avenu e 

Montreal .  Q c H 3 A IB l  Canad a 

Abstrac t 

The importanc e o f  discriminatio n shift s t o learnin g an d 
developmenta l  psycholog y i s highlighted .  Basi c task s use d 
i n continuou s an d tota l  chang e paradigm s ar e presented ,  an d 
majo r  theoretica l  account s ar e briefl y reviewed .  Th e lac k o f  a 
genera l  an d comprehensiv e interpretatio n o f  huma n shif t 
learnin g i s  identified ,  an d a  recen t  mode l  base d o n neura l 
networ k researc h i s  described .  Thi s mode l  suggest s tha t 
human adul t  performanc e i n discriminatio n shift s differ s fro m 
preschoo l  performanc e becaus e o f  a  proces s calle d 
spontaneou s overtraining .  Thi s hypothesi s ha s bee n 
previousl y use d i n neura l  networ k simulation s t o successfull y 
captur e developmenta l  regularitie s i n continuou s 
discriminatio n shift s (e.g. ,  reversa l  an d nonreversa l  shifts) . 
I n th e presen t  paper ,  ne w simulation s usin g thi s mode l  ar e 
applie d t o tota l  chang e discriminatio n shift s (e.g. , 
intradimensiona l  an d extradimensiona l  shifts) .  Severa l 
developmenta l  regularitie s ar e successfull y capture d b y th e 
networks .  Th e contributio n o f  th e spontaneou s overtrainin g 
hypothesi s i s discussed . 

Introduction 

Discriminatio n learnin g involve s learnin g t o m a k e differen t 
response s t o particula r  stimulu s conditions .  Specifically , 
participant s mus t  lear n t o reliabl y identif y a m o n g 
competin g stimul i  th e on e tha t  exhibit s a  single ,  several ,  o r 
combination s o f  attributes .  Th e vas t  psychologica l 
literatur e o n discriminatio n learnin g offer s a  substantia l 
databas e o f  empirica l  regularitie s abou t  learnin g an d 
developmen t  (e.g. ,  Esposito ,  1975 ;  Wolff ,  1967) .  Thes e 
finding s o n bot h chil d an d adul t  learnin g ar e o f  significan t 
importanc e fo r  theorie s o f  h u m a n learning ,  cognition ,  an d 
cognitiv e development .  A  rigorou s w a y t o develo p an d tes t 
suc h theorie s i s throug h computationa l  modeling .  Becaus e 
m a ny neura l  network s us e learnin g algorithm s an d hav e 
bee n favore d fo r  modelin g a  variet y o f  perceptual , 
cognitive ,  an d learnin g phenomena ,  discriminatio n learnin g 
task s provid e a  usefu l  benchmar k fo r  th e adequac y o f  neura l 
network s as  model s o f  h u m a n cognition . 

Surprisingly ,  ther e ar e fe w studie s tha t  repor t 
connectionis t  modelin g o f  discriminatio n shif t  learning .  O f 
these ,  onl y on e mode l  successfull y capture s th e h u m a n 
ontogen y o f  reversa l  shif t  an d nonreversa l  shif t  performanc e 
(Siroi s &  Shultz ,  submitted) . 

I n th e presen t  paper ,  w e exten d th e applicatio n o f  thi s 
model  t o intradimensiona l  an d extradimensiona l  shifts .  Th e 
firs t  sectio n present s th e discriminatio n shif t  task s tha t  thi s 

researc h addresses ,  a s wel l  a s th e psychologica l  regularitie s 
associate d wit h them .  I n th e secon d section ,  w e revie w 
previou s theoretica l  interpretation s o f  discriminatio n 
learning .  Th e thir d sectio n present s ou r  cascade-correlatio n 
model  o f  discriminatio n learnin g an d n e w simulation s tha t 
model  intradimensiona l  an d extradimensiona l  shifts .  Th e 
discussio n focuse s o n th e implication s o f  ou r  mode l  fo r  a 
genera l  theor y o f  discriminatio n learning . 

Discrimination Shifts 

T h e discriminatio n shif t  task s w e conside r  involv e th e 
pairwis e presentatio n o f  stimul i  wit h varyin g attribute s o n 
thre e binar y dimension s (e.g. ,  shape ,  color ,  an d position) . 
I n eac h pair ,  th e stimul i  ar e constraine d suc h tha t  the y 
exhibi t  mutuall y exclusiv e combination s o f  th e attribute s o n 
al l  thre e dimensions .  Figur e I  present s fou r  stimulu s pair s 
tha t  exhaus t  suc h a  combinatio n o f  shape ,  color ,  an d 
position . 

Participant s i n thes e task s ar e require d t o consistentl y 
identif y i n eac h pai r  th e stimulu s tha t  exhibit s th e attribut e 
targete d b y th e experimente r  (e.g. ,  square) .  The y ar e 
repeatedl y presente d wit h th e pair s o f  stimuli ,  an d the y ar e 
provide d wit h reinforcemen t  feedbac k o n eac h trial . 
Learnin g continue s unti l  th e participan t  reliabl y identifie s 
th e targe t  stimulus ,  typicall y o n eigh t  ou t  o f  te n consecutiv e 
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Figur e 1 :  Pair s o f  stimul i  tha t  exhaus t  th e mutuall y 
exclusiv e combination s o f  shape ,  color ,  an d position .  R 

denote s red ,  an d G  denote s gree n (fro m Siroi s an d Shultz , 
submitted) . 
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trials .  W h e n thi s initia l  criterio n i s reached ,  shift s i n rewar d 
contingencie s m a y b e introduced .  Performanc e o n suc h 
shift s ofte n reveal s importan t  feature s o f  th e leaning .  Fo r 
example ,  shif t  performanc e migh t  revea l  whethe r  th e learne r 
i s usin g concept s o r  attentiona l  response s t o mediat e th e 
association s betwee n stimul i  an d responses .  W e elaborat e 
thi s late r  i n a  presentatio n o f  differen t  theoretica l 
interpretation s o f  shif t  learning .  Participant s ar e no t  usuall y 
tol d explicitl y  abou t  th e introductio n o f  a  shift . 

I n a  reversa l  shif t  (RS) ,  th e stimul i  tha t  exhibi t  th e othe r 
attribut e o f  th e initia l  dimensio n ar e n o w associate d wit h 
rewar d (e.g. ,  circl e instea d o f  square) .  Participant s mus t 
consequentl y chang e thei r  response s o n al l  pairs .  Thi s i s 
shown i n th e firs t  ro w o f  Figur e 2 . 

A nonreversa l  shif t  (NS )  involve s a  shif t  t o a n attribut e o f 
a previousl y irrelevan t  dimensio n (e.g. ,  re d instea d o f 
square) .  I n thi s task ,  onl y hal f  o f  th e response s mus t  b e 
changed .  I n ou r  example ,  hal f  o f  th e squar e stimul i  ar e als o 
red .  Th e secon d ro w o f  Figur e 2  present s a  N S task . 

Becaus e R S an d N S us e th e sam e attribute s i n bot h 
learnin g phases ,  the y ar e referre d t o a s continuou s paradig m 
tasks .  T w o othe r  discriminatio n shif t  task s als o involv e a 
complet e o r  a  partia l  shif t  i n reinforcemen t  contingencies . 
Thes e ar e th e intradimensiona l  (IDS )  an d extradimensiona l 
(EDS)  shifts .  The y ar e k n o w n a s tota l  chang e tasks , 
becaus e ne w attribute s o f  th e initia l  dimension s ar e 
introduce d a t  th e onse t  o f  th e shif t  (Esposito ,  1975) . 

I n a n IDS ,  stimul i  tha t  exhibi t  a  specifi c  nove l  attribut e o f 
th e previousl y relevan t  dimensio n ar e associate d wit h 
reinforcemen t  (e.g. ,  fro m squar e t o diamond) .  O n th e othe r 
hand ,  a n E D S involve s a  shif t  t o a  nove l  attribut e o f  a 
previousl y irrelevan t  dimensio n (e.g. ,  fro m squar e t o 
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yellow) .  Bot h task s ar e show n i n th e botto m row s o f  Figur e 
2. 

Continuou s an d tota l  chang e paradigm s ar e highl y 
similar .  R S an d ID S task s involv e a  shif t  withi n th e initiall y 
relevan t  dimension ,  an d N S an d E D S task s involv e a  shif t  t o 
a previousl y irrelevan t  dimension .  Th e importan t 

distinctio n i s  tha t  tota l  chang e paradigm s introduc e ne w 
stimul i  a t  th e onse t  o f  th e shift ,  whic h make s th e shif t  mor e 
obviou s t o participants . 

Decade s o f  researc h hav e identifie d robus t  psychologica l 
regularitie s withi n th e continuou s an d tota l  chang e 
paradigms .  O f  importance ,  th e eas e o f  executin g a  shift ,  a s 
measure d b y th e numbe r  o f  trial s t o criterion ,  ha s bee n 
show n t o var y betwee n task s an d ag e groups .  Childre n 
abov e th e ag e o f  1 0 year s an d adult s reac h th e shif t  criterio n 
i n a  R S quicke r  tha n i n a  N S ,  an d reac h th e shif t  criterio n 
quicke r  fo r  ID S tha n fo r  E D S (Esposito ,  1975 ;  Wolff , 
1967) .  Preschoo l  childre n als o execut e a n ID S faste r  tha n 
an E D S ,  bu t  the y execut e a  N S a s quickl y a s a  R S (Esposito , 
1975 ;  Wolff ,  1967). '  Betwee n th e age s o f  4  an d 1 0 years , 
RS become s easie r  tha n N S (Esposito ,  1975) .  Althoug h 
some studie s repor t  comparison s betwee n continuou s an d 
tota l  chang e paradigm s (Esposito ,  1975) ,  w e hav e faile d t o 
fin d wel l  replicated ,  unequivoca l  regularitie s i n suc h 
comparisons . 

A fina l  psychologica l  regularit y i s  tha t  w h e n traine d 
severa l  trial s beyon d th e usua l  succes s criterio n i n th e initia l 
learnin g phase ,  mos t  preschooler s the n execut e a  R S faste r 
tha n a n N S ,  a s d o adults .  Thi s i s  calle d th e overtrainin g 
effect ,  an d i s  significan t  fo r  th e desig n o f  ou r  neura l 
networ k model . 

Theoretical Interpretations 

Thre e majo r  account s o f  discriminatio n learnin g hav e bee n 
presente d ove r  th e year s t o accoun t  fo r  a  variet y o f  finding s 
(Siroi s &  Shultz ,  submitted) .  Thes e ar e th e Kendlers '  two -
stag e theor y (Kendle r  &  Kendler ,  1975 ;  Kendler ,  1983) , 
Zeaman an d House' s attentiona l  theor y (Zeama n &  House , 
1963) ,  an d th e Tighes '  perceptua l  differentiatio n theor y 
(Tigh e &  Tighe ,  1966) . 

Th e Kendler s worke d primaril y withi n th e continuou s 
paradigm ,  an d thei r  mode l  fair s poorl y whe n applie d t o tota l 
chang e dat a (Siroi s &  Shultz ,  submitted) .  The y argu e tha t 
olde r  childre n an d adult s us e cover t  categorica l  response s t o 
mediat e betwee n th e stimul i  an d over t  behavio r  (Kendle r  & 
Kendler ,  1975 ;  Kendler ,  1983) .  Thes e response s represen t 
th e specifi c  attribute s o f  th e stimuli .  Participant s thu s lear n 
t o respon d t o th e relevan t  attribut e an d us e thi s cover t 
respons e t o produc e over t  behavior .  Fo r  th e Kendlers ,  a  R S 
i s easie r  tha n a  N S becaus e onl y th e lin k betwee n th e cover t 
and over t  response s need s t o b e changed .  I n a  N S ,  th e 
previou s cover t  respons e ha s t o b e extinguished ,  an d a  n e w 
cover t  respons e mus t  b e learned ,  a s wel l  a s th e appropriat e 

Figur e 2 :  Example s o f  R S ,  N S ,  ID S an d E D S .  Plu s 
sign s identif y reinforcement .  R ,  G ,  B ,  an d Y  denot e 

red ,  green ,  blue ,  an d yellow ,  respectively . 

'  Thi s las t  findin g i s i n contradictio n wit h a  pervasiv e belie f  tha t 
preschooler s execut e a  N S faste r  tha n a  R S (Kendler ,  1983) .  A n 
extende d discussio n o f  thi s controversy ,  i n ou r  pape r  o n continu -
ous shif t  paradigm s (Siroi s &  Shultz ,  submitted) ,  show s tha t  th e 
confusio n stein s fro m misinterpretation s o f  result s tha t  ar e con -
founde d wit h certai n methodologica l  variations . 
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respons e t o th e categorica l  response .  Thi s implie s mor e 
learnin g tha n require d fo r  a  N S .  Becaus e th e cover t 
response s represen t  th e discret e attribute s o f  th e stimuli , 

though ,  thei r  mediationa l  mode l  doe s no t  accoun t  fo r  th e 
regularitie s observe d i n tota l  chang e task s (Siroi s &  Shultz , 
submitted ;  Wolff ,  1967) . 

Th e Kendler s suggeste d tha t  preschoolers ,  unlik e olde r 
childre n an d adults ,  behave d accordin g t o a n associativ e 

model  (Kendler ,  1983) .  Mer e association s betwee n 
stimulu s an d respons e ar e involve d i n thei r  shif t 

performance .  Thi s mode l  predict s tha t  a  N S i s easie r  tha n a 
R S,  becaus e mor e response s mus t  b e change d i n th e latter . 
Th e predictio n ha s littl e suppor t  i n th e literatur e (Siroi s & 
Shultz ,  submitted) . 

Z e a m an an d House ,  o n th e othe r  hand ,  develope d a  mode l 
withi n th e tota l  chang e paradig m (Zeama n &  House ,  1963) . 
The y suggeste d tha t  th e stimul i  wer e associate d wit h a n 
attentiona l  response ,  whic h i n tur n wa s associate d wit h a n 

over t  response .  Th e attentiona l  response s involv e th e 
differen t  dimension s o f  variation ,  an d no t  th e discret e 
value s o f  thes e dimensions .  Followin g th e sam e logi c a s 
tha t  foun d i n th e Kendlers '  model ,  thi s mode l  predict s tha t 
an ID S wil l  b e easie r  tha n a n E D S .  Indeed ,  onl y th e lin k 
betwee n th e attentiona l  respons e an d over t  behavio r  need s 
t o b e change d i n a n EDS .  I n a n E D S ,  bot h a  ne w attentiona l 
respons e an d th e appropriat e associatio n wit h over t 
behavio r  mus t  b e learned .  I t  als o predict s tha t  a  R S wil l  b e 
faste r  tha n a  N S ,  fo r  th e sam e reasons . 

W h at  I S nove l  i n Zeama n an d House' s mode l  i s tha t 
mediatio n i s als o involve d i n preschoolers ,  an d differen t 
learnin g paramete r  value s woul d explai n thei r  distinc t 
behavior .  Unfortunately ,  i t  als o predict s easie r  R S ove r  N S 
i n preschoolers ,  whic h i s no t  supporte d b y th e literature . 

Finally ,  Tigh e an d Tighe' s perceptua l  differentiatio n 
model  doe s no t  impl y mediatio n o f  stimul i  int o cover t 
response s (Tigh e &  Tighe ,  1966) .  Rather ,  th e compoun d 
stimul i  ar e differentiate d i n specifi c  over t  response s a s a 
functio n o f  reinforcement .  Olde r  childre n an d adults , 
compare d t o preschoolers ,  perfor m differentl y du e t o thei r 
large r  amoun t  o f  perceptua l  experience .  Thi s enable s the m 
t o bette r  focu s o n th e relevan t  dimensio n an d ignor e th e 
irrelevan t  one .  Th e mode l  predict s tha t  R S an d ID S ar e 
easie r  tha n N S an d E D S ,  respectively ,  becaus e participant s 
ar e attendin g t o th e dimensio n tha t  remain s relevant . 

Preschoolers ,  o n th e othe r  hand ,  poorl y differentiat e th e 
stimul i  int o relevan t  dimension s an d instea d respon d t o th e 
compoun d propertie s o f  th e stimul i  (Tigh e &  Tighe ,  1966 , 
1978) .  The y associat e th e appropriat e respons e wit h th e 
poorl y differentiate d stimulu s pair .  A s such ,  the y canno t 
us e informatio n abou t  th e relevan t  dimensio n a s a n 
advantag e i n shift s withi n thi s dimensio n usin g th e sam e 
stimul i  (i.e. ,  R S ) .  A n d becaus e a  R S require s mor e 
releamin g tha n a  N S ,  thi s mode l  als o wrongl y predict s 
faste r  N S .  I n tota l  chang e paradigms ,  though ,  th e mode l 
suggest s a  faste r  ID S tha n E D S (Tigh e &  Tighe ,  1978) . 
Thi s i s becaus e th e ne w stimul i  preven t  a n interferenc e o f 
th e previous  associations ,  whic h wer e boun d t o th e initia l 
stimuli .  Th e minima l  differentiatio n acquire d durin g 
preshif t  learnin g the n become s helpfu l  fo r  a  shif t  withi n th e 
same dimensio n (i.e. ,  IDS) . 

Al l  thre e theorie s hav e thei r  o w n limitations ,  whic h 
prevente d th e formulatio n o f  a  genera l  an d comprehensiv e 
accoun t  o f  discriminatio n learnin g (Esposito ,  1975 ;  Siroi s & 

Shultz ,  submitted) .  Thi s i n spit e o f  th e fac t  tha t  wor k i n 
discriminatio n learnin g bega n ove r  sixt y year s ag o 
(Kendler ,  1983) .  Becaus e o f  th e importan t  issue s o f 

learnin g an d developmen t  raise d b y thi s literature ,  th e 

formulatio n o f  a  comprehensiv e theoretica l  accoun t  o f  shif t 
learnin g i s stil l  relevan t  today . 

A Cascade-correlation Model 

We hav e recentl y applie d th e cascade-correlatio n neura l 
networ k algorith m t o continuou s paradig m task s (Siroi s & 
Shultz ,  submitted) .  T h e algorith m successfull y capture d th e 
psychologica l  regularitie s i n preschoo l  an d adul t  behavior . 
Network s parameterize d a s adult s execute d a  R S faste r  tha n 
a N S ,  wherea s network s parameterize d a s preschooler s 
execute d bot h shift s equall y quickly .  Th e network s als o 
capture d othe r  developmenta l  regularitie s associate d wit h 
th e continuou s paradig m tha t  ar e no t  discusse d her e (i.e. , 
trial-by-tria l  behavio r  i n shif t  learnin g an d optiona l  shifts) . 
But  th e succes s o f  th e mode l  i s o f  limite d interes t  i f  i t 
canno t  captur e th e regularitie s i n tota l  chang e paradigm s a s 
well . 

Centra l  t o ou r  mode l  i s th e suggestio n tha t  olde r  childre n 
and adults ,  compare d t o preschoolers ,  submi t  themselve s t o 
extende d processin g o f  stimul i  an d reinforcemen t  throug h a 
proces s simila r  t o rehearsa l  (Siroi s &  Shultz ,  submitted) . 
Thi s ha d alread y bee n suggeste d i n th e discriminatio n 
learnin g literatur e b y Levin e (1975) .  B y usin g a  lowe r 
scor e threshold ,  neura l  network s ar e submitte d t o additiona l 
trainin g trials .  Thi s i s because ,  i n cascade-correlation , 
trainin g continue s unti l  al l  outpu t  activation s ar e withi n 
scor e threshol d o f  thei r  targets. ^  W e use d a  scor e threshol d 
of  0.0 1 t o mode l  adul t  performance ,  an d th e defaul t  valu e o f 
0. 4 t o mode l  preschoo l  performance .  Usin g a  lowe r  scor e 
threshol d allow s network s t o lear n a  proble m t o greate r 
dept h an d precision .  Al l  othe r  parameter s i n th e algorith m 
wer e se t  t o th e defaul t  value s o f  cascade-correlatio n 
(Fahlma n &  Lebiere ,  1990) . 

Thi s adjustmen t  o f  th e scor e threshol d paramete r  resulte d 
i n capturin g th e developmenta l  effect s i n continuou s 
paradigm s wit h network s tha t  lac k hidde n (i.e. ,  mediational ) 
units ,  becaus e cascade-correlatio n wil l  no t  instal l  an y fo r 
suc h linea r  problems .  I t  i s  consisten t  wit h developmenta l 
change s i n spontaneou s rehearsal ,  a s wel l  a s wit h th e 
overtrainin g effec t  (Siroi s &  Shultz ,  submitted) .  Adult-lik e 
performanc e i n continuou s discriminatio n shift s ca n b e 
achieve d throug h extende d trainin g wit h a  lo w score -
threshold .  W e n o w repor t  th e applicatio n o f  thi s mode l  t o 
tota l  chang e tasks . 

Simulation of Continuous and Total Change Tasks 

I n thes e simulations ,  w e use d network s wit h eigh t  inpu t 
units .  Th e firs t  tw o unit s code d shap e o f  th e lef t  stimulus , 
th e nex t  tw o unit s colo r  o f  th e lef t  stimulus ,  th e followin g 

^  Th e sam e thin g coul d b e accomplishe d i n backpropatio n net -
work s b y lowerin g th e erro r  criterion . 
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tw o unit s th e shap e o f  th e righ t  stimulus ,  an d th e fina l  tw o 

unit s colo r  o f  th e righ t  stimulus .  Thes e unit s wer e 
connecte d t o tw o outpu t  units ,  wit h initiall y  rando m 
connectio n values .  Targe t  outpu t  wa s [0.5 ,  -0.5 ]  whe n th e 
correc t  stimulu s wa s o n th e left ,  an d [-0.5 ,  0.5 ]  whe n i t  wa s 
on th e right . 

We use d tw o inpu t  unit s fo r  eac h attribut e i n eac h 
stimulu s becaus e w e neede d t o represen t  fou r  attribute s i n 
th e tota l  chang e paradigm s (tw o initia l  attributes ,  an d tw o 
new attribute s a t  th e onse t  o f  th e shift) .  Th e fou r  possibl e 
attribute s o f  eac h dimensio n wer e represente d b y a 
combinatio n of- 1 an d 1  values .  Fo r  example ,  fou r  possibl e 
shape s wer e code d a s [-1 ,  -1] ,  [-1 ,  1] ,  [I ,  -1] ,  an d [1 ,  1] . 
Becaus e eac h attribut e i s a  combinatio n o f  value s o f  th e 
same magnitud e (al l  Is) ,  pre -  an d post-shif t  attribute s hav e 
equivalen t  salience . 

Network s parameterize d a s adult s ar e expecte d t o 
replicat e ou r  previou s finding  tha t  a  R S i s performe d faste r 
tha n a  N S .  The y shoul d als o execut e a n ID S quicke r  tha n 
an E D S .  Network s parameterize d a s preschooler s shoul d 
als o perfor m th e ID S quicke r  tha n th e E D S .  A s w e hav e 
previousl y observed ,  though ,  R S an d N S shoul d b e learne d 
at  equivalen t  rates . 

Method Two hundred and eighty adult networks were used 
i n thi s simulation ,  wit h a  scor e threshol d o f  0.01 .  O n e 
hundre d an d fort y wer e initiall y  traine d o n on e attribut e o f 
color ,  an d on e hundre d an d fort y o n anothe r  attribut e o f 
color .  W h e n performanc e reache d threshol d o n al l 
problem s o f  th e initia l  discrimination ,  trainin g wa s shifte d 
t o anothe r  attribute .  I n eac h subse t  o f  on e hundre d an d 
fort y networks ,  trainin g wa s shifte d t o th e othe r  attribut e o f 
colo r  fo r  twent y network s (RS) .  Fo r  fort y networks ,  i t  wa s 
shifte d t o a n attribut e o f  th e previousl y irrelevan t  dimensio n 
(NS,  n  =  2 0 pe r  attribute) .  Fo r  th e remainin g eight y 
networks ,  ne w dimensiona l  attribute s wer e introduced . 
Fort y network s wer e traine d o n a  ne w attribut e fro m th e 
previousl y relevan t  dimensio n (IDS ,  n  =  2 0 pe r  attribute) , 
and th e remainin g fort y wer e traine d o n a  ne w attribut e 
fro m th e previousl y irrelevan t  dimensio n (EDS ,  n  =  2 0 pe r 
attribute) .  Learnin g continue d unti l  criterio n wa s reache d i n 
th e shif t  trainin g phas e (i.e. ,  outpu t  activation s wer e withi n 
threshol d o f  th e targe t  value s fo r  bot h outpu t  unit s o n al l 
problems) .  T w o hundre d an d eight y network s 
parameterize d a s preschooler s wer e use d unde r  th e sam e 
conditions ,  wit h th e score-threshol d se t  a t  0.4 . 

To asses s h o w quickl y network s perfor m eac h task ,  w e 
recorde d th e numbe r  o f  epoch s require d t o reac h criterio n i n 
shif t  learning .  A n epoc h is ,  i n thi s case ,  a  bloc k o f  fou r 
trials ,  on e wit h eac h stimulu s pair .  Fo r  contro l  purposes ,  w e 
als o recorde d epoch s t o criterio n fo r  th e initia l  learnin g 
phase . 

Results There were no significant differences between any 
of  th e group s i n th e preshif t  phase ,  fo r  network s 
parameterize d a s adult s (F(3,276 )  =  2.56 ,  n.s.) .  Ther e wer e 
no significan t  difference s eithe r  i n th e initia l  phas e fo r 
network s parameterize d a s preschooler s (F(3,276 )  =  1.06 , 
n.s.) .  Tabl e 1  present s th e mea n numbe r  o f  epoch s require d 
t o lear n eac h typ e o f  shift ,  fo r  bot h type s o f  networks . 

Tabl e 1 :  M e a n numbe r  o f  epoch s t o criterio n fo r  shif t 
training . 

Tas k 

RS 
NS 
ID S 
EDS 

Networ k Parameterizatio n 

Adul t 

6.4 8 

10.0 8 
8.4 3 
9.6 9 

Preschoo l 

4.2 5 
4.2 8 
2.9 3 
3.5 9 

For  adul t  networks ,  th e resul t  o f  a  O n e - W a y analysi s o f 
varianc e sho w a  significan t  differenc e betwee n th e group s 
(F(3,276 )  =  136.09 ,  p  <  .001) .  W e performe d Scheff e post -
hoc comparison s o n th e data .  Tabl e 2  present s th e 
significan t  difference s betwee n th e group s (significan t  tes t 
value s ar e betwee n 21.0 8 an d 114.26) . 

I n chil d networks ,  th e result s o f  a  O n e - W a y analysi s o f 
varianc e als o sho w a  significan t  differenc e betwee n th e 
group s (F(3,276 )  =  52.189 ,  p  <  .001) .  W e repor t  significan t 
Scheff e post-ho c comparison s i n Tabl e 2  a s wel l  (significan t 
tes t  value s rang e betwee n 6.9 8 an d 43.44) . 

Discussion The simulation results reported in the first two 
row s o f  Tabl e 2  ar e consisten t  wit h th e psychologica l 
regularitie s reporte d fo r  bot h adult s an d preschoolers . 
Network s parameterize d a s adult s execut e a  R S faste r  tha n a 
N S,  an d a n ID S quicke r  tha n a n E D S ,  a s norma l  adult s do . 
A nd network s parameterize d a s preschooler s execut e a n 
ID S quicke r  tha n a n E D S ,  eve n thoug h the y perfor m 
equall y fas t  o n R S an d N S ,  lik e preschooler s do . 

Networ k analyse s i n ou r  previou s simulation s suggeste d 
tha t  extensiv e trainin g i n adul t  network s yield s finel y tune d 
discrimination s tha t  focu s o n th e relevan t  dimensio n an d 
ignor e th e irrelevan t  one ,  whic h enabl e faste r  R S ove r  N S 
(Siroi s &  Shultz ,  submitted) .  Th e adul t  network s i n thes e 
ne w simulation s als o execute d th e R S faste r  tha n th e N S . 
Becaus e suc h discrimination s remai n relevan t  i n ID S (th e 
shif t  i s  withi n th e initia l  dimension) ,  thi s als o enable s th e 
network s t o execut e a n ID S faste r  tha n th e E D S . 

For  network s parameterize d a s preschoo l  children , 
though ,  w e hav e argue d tha t  thei r  behavio r  wa s a  functio n 
of  th e compoun d propertie s o f  th e pai r  o f  stimul i  (Siroi s & 
Shultz ,  submitted) .  Tha t  is ,  th e minima l  amoun t  o f 

Table 2: Post-hoc comparisons between groups. Signifi-
can t  difference s ar e represente d b y <  (th e grou p o n th e lef t 
too k les s tim e tha n th e on e o n th e right )  o r  >  (th e grou p o n 

th e lef t  too k mor e tim e tha n th e on e o n th e right) .  Th e 
equa l  (= )  sig n indicate s n o significan t  differenc e betwee n 

th e tw o groups . 

Compariso n 
Networ k Parameterizatio n 

Adul t  Preschoo l 

RS vs .  N S 
ID S vs .  E D S 
RS vs .  ID S 
RS vs .  E D S 
ID S vs .  N S 
NS vs .  E D S 

< 
< 
< 
< 
< 
= 

< 
> 
> 
< 
> 
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processin g the y perfor m doe s no t  allo w fin e discrimination s 

betwee n th e dimension s t o b e made .  Thi s prevent s a n 
advantag e o f  R S ove r  NS .  Bu t  i n th e cas e o f  tota l  chang e 
tasks ,  th e introductio n o f  ne w attribute s ma y remov e th e 
influenc e o f  th e initia l  stimul i  an d allo w th e minima l 

abstractio n achieve d i n th e initia l  phas e t o favo r  a n ID S 
ove r  a n E D S .  Thes e generalization s woul d otherwis e b e 

masked b y th e influenc e o f  th e initia l  attribute s i n 
continuou s tasks ,  a s Tigh e an d Tigh e (1978 )  hav e argued . 
Furthe r  networ k analyse s ar e require d befor e genera l 

conclusion s ar e drawn . 
The result s reporte d i n row s 3- 6 i n Tabl e 2  ca n b e take n 

as prediction s mad e b y th e model .  A s w e hav e note d 
previously ,  thes e comparison s hav e eithe r  no t  bee n 
performed ,  o r  hav e le d t o equivoca l  findings .  Ou r 
simulatio n result s shoul d b e evaluate d i n ligh t  o f  an y ne w 
evidenc e fro m suc h psychologica l  comparisons . 

Finally ,  th e reade r  ma y notic e tha t  preschoo l  network s 
tak e fewe r  epoch s t o lear n th e task s tha n adul t  network s do . 
Thi s i s i n contradictio n wit h huma n dat a (e.g. ,  Wolff ,  1967) . 
Our  assumption ,  though ,  i s tha t  olde r  childre n an d adult s 
spontaneousl y submi t  themselve s t o extende d training .  Th e 
number  o f  epoch s w e repor t  i s  a n inde x o f  th e amoun t  o f 
processin g neede d t o lear n th e tasks ,  an d shoul d no t  b e 
equate d wit h th e actua l  numbe r  o f  trial s i n humans .  I n 
particular ,  a t  leas t  som e o f  th e epoch s take n b y network s 
parameterize d a s adult s represen t  rehearsa l  o f  th e pattern s 
rathe r  tha n discret e trials .  Consequently ,  vali d mai n effec t 
compariso n o f  epoch s t o lear n betwee n chil d adul t  network s 

canno t  b e made . 

General Discussion 

Our  previou s simulation s o f  discriminatio n learnin g wer e 
base d o n th e assumptio n tha t  olde r  childre n an d adult s 
spontaneousl y trai n themselve s t o a  greate r  exten t  tha n 
preschooler s d o (Siroi s &  Shultz ,  submitted) .  Thi s 
hypothesi s wa s derive d fro m th e overtrainin g literature ,  an d 
i s consisten t  wit h th e developmen t  o f  activ e rehearsa l  i n 
children .  Indeed ,  change s i n discriminatio n learnin g an d 
spontaneou s rehearsa l  overla p betwee n th e age s o f  4  an d 1 0 
(Siroi s &  Shultz ,  submitted) .  Mor e trainin g result s i n bette r 
discriminatio n o f  th e relevan t  dimension ,  whic h i n tur n 
allow s shift s withi n th e sam e dimensio n t o b e performe d 
mor e quickl y tha n shift s t o previousl y ignore d dimensions . 
I n network s parameterize d a s preschoolers ,  nonselectiv e 
encodin g o f  th e inpu t  prevent s a n advantag e o f  shift s withi n 
th e previousl y relevan t  dimension . 

The ne w simulation s reporte d her e provid e furthe r 
suppor t  fo r  th e adequac y o f  thi s model .  Continuou s 
paradig m task s lik e R S an d N S ma y mas k a  minima l 
amount  o f  abstractio n b y network s wit h preschoo l 
parameters .  Th e introductio n o f  ne w stimul i  a t  th e onse t  o f 
th e shif t  remove s th e influenc e o f  th e initia l  stimul i  an d 
allow s faste r  shift s withi n th e sam e dimension .  Thi s ha d 
previousl y bee n suggeste d b y Tigh e an d Tigh e (1978) . 
They argue d tha t  th e distinc t  natur e o f  continuou s an d tota l 
chang e paradigm s stres s differen t  processes ,  an d tha t  th e 
latte r  i s  mor e sensitiv e t o dimensiona l  discriminatio n tha n 
th e forme r  (i.e. ,  i t  bette r  detect s generalization) .  Thi s i s 
becaus e tota l  chang e task s asses s generalization s acquire d i n 

preshif t  learning ,  withou t  th e influenc e o f  th e specifi c 

materia l  use d t o acquir e th e discrimination .  Previou s 
response s t o th e specifi c  stimul i  ma y exer t  to o larg e a n 
influenc e o n shif t  learnin g t o yiel d generalizatio n effect s i n 
continuou s paradigms . 

Our  mode l  doe s no t  implemen t  mediation ,  whic h i n 

neura l  network s woul d requir e hidde n unit s (Siroi s & 
Shultz ,  submitted) .  A s such ,  ou r  mode l  i s mor e consisten t 
wit h Tigh e an d Tighe' s (1966 )  perceptua l  differentiatio n 
model  tha n wit h th e Kendlers '  an d Zeama n an d House' s 
mediationa l  models .  Unlik e al l  thre e othe r  models ,  though , 
our s ha s bee n abl e thu s fa r  t o captur e al l  regularitie s i t  wa s 
applie d t o i n continuou s an d tota l  chang e paradigms .  I t  ha s 
not  show n th e limitation s identifie d i n th e othe r  models , 
includin g Tigh e an d Tighe' s (Siroi s &  Shultz ,  submitted) . 

Our  spontaneou s overtrainin g hypothesi s o f 
discriminatio n learnin g require s furthe r  researc h befor e 
genera l  theoretica l  claim s ca n b e made .  On e importan t  ste p 
wil l  b e t o evaluat e th e discriminatio n shif t  performanc e o f 
olde r  childre n an d adult s i n condition s tha t  woul d preven t 
processin g o f  th e stimulu s pai r  beyon d it s presentatio n (e.g. , 
by usin g a  distracte r  tas k simultaneously) .  Ou r  mode l 
woul d predic t  equa l  eas e o f  R S an d N S i n condition s tha t 
preven t  rehearsal ,  ye t  ID S shoul d stil l  b e faste r  tha n EDS . 
Thei r  performanc e i s expecte d t o b e lik e tha t  o f 
preschooler s i n suc h conditions ,  becaus e onl y th e amoun t  o f 
processin g distinguishe s bot h group s i n standar d task s unde r 
th e spontaneou s overtrainin g hypothesis . 

Ther e ar e als o a  variet y o f  relate d task s o n whic h ou r 
model  shoul d b e tested .  Thes e includ e dimensionles s shift s 
(e.g. ,  Goule t  &  Williams ,  1970 )  an d compoun d 
categorizatio n (e.g. ,  Kruschke ,  1996) ,  whic h woul d provid e 
a goo d tes t  o f  th e generalit y o f  ou r  mode l  (Siroi s &  Shultz , 
submitted) .  Hopefully ,  furthe r  wor k wil l  represen t  positiv e 
step s toward s a  comprehensiv e accoun t  o f  huma n shif t 
learning . 
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