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A B S T R A CT 

How is complex sequential material acquired, processed, 
and represente d wlie n ther e i s n o intentio n t o lear n ?  Recen t 
researc h (Lewicki ,  Hil l  &  Bizot ,  1988 )  ha s demonstrate d tha t 
subject s place d i n a  choic e reactio n tim e tas k progressivel y 
become sensitiv e t o th e sequentia l  structur e o f  th e stimulu s 
materia l  despit e thei r  unawarenes s o f  it s existence .  Thi s 
paper  aim s t o provid e a  detaile d information-processin g 
model  o f  thi s phenomeno n i n a n experimenta l  situatio n 
involvin g comple x an d probabilisti c  tempora l  contingencies . 
We repor t  o n tw o experiment s explorin g a  6-choic e seria l 
reactio n tim e task .  Unbeknowns t  t o subjects ,  successiv e 
stimul i  followe d a  sequenc e derive d fro m "noisy "  finite-stat e 
grammars .  Afte r  considerabl e practic e (60,00 0 exposures) , 
subject s acquire d a  bod y o f  procedura l  knowledg e abou t 
th e sequentia l  structur e o f  th e material ,  althoug h the y wer e 
unawar e o f  th e manipulation ,  an d displaye d littl e o r  n o 
verbalizabl e knowledg e abou t  it .  Experimen t  2  attempte d t o 
identif y limit s o n subjects '  abilit y t o encod e th e tempora l 
contex t  b y usin g mor e distan t  contingencie s tha t  spanne d 
irrelevan t  material .  Take n together ,  th e result s indicat e tha t 
subject s becom e progressivel y mor e sensitiv e t o th e 
tempora l  contex t  se t  b y previou s element s o f  th e sequence , 
up t o thre e elements .  Response s ar e als o affecte d b y carry -
over  effect s fro m recen t  trials .  A  PD P mode l  tha t 
incorporate s sensitivit y t o th e sequentia l  structur e an d 
carry-ove r  effect s i s show n t o captur e ke y aspect s o f  bot h 
acquisitio n an d processin g o f  th e material . 

I N T R O D U C T I ON 

In many situations, learning does not proceed in the 
explici t  an d goal-directe d wa y characteristi c o f 
traditiona l  model s o f  cognitio n (Newel l  &  Simon , 
1972) .  Rather ,  i t  appear s tha t  som e o f  ou r  knowledg e 
and skill s ar e acquire d i n a n incidenta l  an d 

unintentiona l  manner .  Indeed ,  man y studie s (se e 

Reber ,  1989 ;  fo r  a  review )  hav e documente d 

dissociation s betwee n tas k performanc e an d 

reportabl e knowledge .  Th e classi c resul t  i n thes e 

experimenta l  situation s i s  tha t  "subject s ar e abl e t o 
acquir e specifi c  procedura l  knowledg e (i.e .  processin g 
rules )  no t  onl y withou t  bein g abl e t o articulat e wha t 

the y hav e learned ,  bu t  eve n withou t  bein g awar e tha t 

the y ha d learne d anything "  (Lewicki ,  Czyzewsk a & 
Hoffman ,  1987) . 

Althoug h controvers y stil l  pervade s th e field ,  a t 
leas t  tw o differen t  implici t  learnin g paradigm s hav e 
yielde d consisten t  an d robus t  result s :  artificia l 
languag e learnin g (Reber ,  1967 ,  1989) ,  an d 
sequentia l  patter n acquisitio n (Nisse n &  Bullemer , 
1987 ;  Lewicki ,  Czyzewsk a &  Hoffman ,  1987 ;  Lewicki , 

Hil l  &  Bizot ,  1988 ;  Willingham ,  Nisse n &  Bullemer , 

1989 ;  Cohen ,  Ivr y &  Keele ,  1990) .  Relate d researc h 
wit h neurologicall y impaire d patient s als o provide s 
stron g evidenc e fo r  th e existenc e o f  learnin g 
processe s tha t  d o no t  entai l  o r  requir e awarenes s o f 
th e result s o r  o f  th e learnin g experienc e itsel f  (se e 
Schacter ,  1987 ,  fo r  a  review) . 

Despit e thi s wealt h o f  evidenc e documentin g 
implici t  learnin g phenomena ,  fe w model s o f  th e 
mechanism s involve d hav e bee n proposed .  Thi s lac k 
of  formalizatio n ca n doubtles s b e attribute d t o th e 
difficult y o f  assessin g subject' s knowledg e whe n i t 
doe s no t  len d itsel f  easil y  t o verbalization . 

Nevertheless ,  a n importan t  firs t  ste p i n th e directio n 
of  understandin g th e relationshi p betwee n 
awareness ,  attentio n an d learnin g consist s o f 
attemptin g t o identif y mechanism s tha t  accoun t  fo r 
subjects' s performanc e i n implici t  learnin g situations .  I n 
th e presen t  paper ,  w e repor t  o n a  serie s o f 
experiment s inspire d b y Lewicki ,  Hil l  &  Bizot' s (1988 ) 
paradigm ,  an d propos e a  detaile d informatio n 
processin g mode l  o f  th e task .  Thes e experiment s 
place d subject s i n a  choic e reactio n tim e task ,  an d 
manipulate d th e sequentia l  contingencie s o f  th e 
materia l  i n a  nove l  wa y tha t  allow s detaile d dat a abou t 
subject' s representation s o f  th e tempora l  structur e t o 
be obtained . 

The mai n result s o f  ou r  experiment s indicat e tha t 
subject s unintentionall y acquir e a  comple x bod y o f 
knowledg e abou t  th e tempora l  structur e o f  th e 
material .  W e describ e a  P D P mode l  tha t  implement s a 
propose d mechanis m t o accoun t  fo r  performanc e i n 
thi s task .  Th e mode l  -  traine d i n exactl y th e s a m e 
condition s a s subject s ~  capture s ke y aspect s o f  bot h 
acquisitio n an d performanc e i n thi s task .  It s  cor e 
mechanis m implement s th e hypothesi s tha t  sequentia l 
structur e get s induce d a s a  direc t  resul t  o f  a n 
encodin g o f  event s togethe r  wit h a n interna l 
representatio n o f  th e tempora l  context . 

Thi s researc h wa s supporte d b y a  gran t  fro m th e Nationa l 
Fund fo r  Scientifi c  Researc h (Belgium )  t o th e first  autho r  an d 
by a n NIM H R S D A t o th e secon d author .  Addres s 
correspondenc e t o :  Axe l  Cleeremans ,  Departmen t  o f 
Psychology ,  Carnegi e Mello n University ,  Pittsburg h P A 
15213 :  o r  emai l  t o cleeremans(S)psy.cmu.edu . 

EXPERIMENT 1 

Subjects were exposed to a six-choice reaction 
tim e task .  Th e entir e experimen t  wa s divide d i n 2 0 
sessions .  Eac h sessio n consiste d o f  2 0 block s o f  15 0 
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trials .  O n an y o f  th e 60,00 0 trials ,  a  stimulu s coul d 
appea r  a t  on e o f  si x position s arrange d i n a  horizonta l 
lin e o n a  compute r  screen .  T h e tas k consiste d o f 

pressin g a s fas t  an d a s accuratel y a s possibl e o n on e 
of  si x correspondin g l<eys .  Unbeknowns t  t o subjects , 

th e sequentia l  structur e o f  th e stimulu s materia l  w a s 

manipulated .  Stimul i  wer e generate d usin g a  smal l 

finite-stat e g r a m m a r  tha t  define d lega l  transition s 

be twee n successiv e trials .  S o m e o f  th e stimuli , 
however ,  wer e no t  "grammatical "  .  Indeed ,  o n eac h 
trial ,  ther e w a s a  1 5 % chanc e o f  substitutin g a  rando m 
stimulu s t o th e on e prescribe d b y th e grammar .  Thi s 

"noise "  sen/e d tw o purposes .  First ,  i t  ensure d tha t 
subject s coul d no t  simpl y memor iz e th e sequenc e o f 

stimuli ,  an d hindere d thei r  abilit y  o f  detectin g 

regularitie s i n a n explici t  way .  Second ,  sinc e eac h 
stimulu s w a s possibl e o n ever y tria l  (i f  onl y i n a  smal l 

proportio n o f  th e trials) ,  w e coul d obtai n detaile d 
informatio n abou t  wha t  stimul i  subject s di d o r  di d no t 
expec t  a t  eac h step . 

If  subject s b e c o m e increasingl y sensitiv e t o th e 
sequentia l  structur e o f  th e materia l  ove r  training ,  on e 

woul d thu s predic t  a n increasingl y larg e differenc e i n 
th e reactio n time s elicite d b y predictabl e an d 
unpredictabl e stimuli .  Further ,  detaile d analyse s o f  th e 
R Ts t o particula r  stimul i  i n differen t  tempora l  context s 
shoul d revea l  difference s tha t  reflec t  subject' s 
encodin g o f  th e sequentia l  structur e o f  th e material . 

Method 

Subjects. Six subjects (CMU staff and students) 
age d 17-4 2 participate d i n th e experiment .  Eac h subjec t  wa s 
pai d $10 0 fo r  hi s participatio n i n th e 2 0 session s o f  th e 
experiment ,  an d receive d a  bonu s o f  u p t o $5 0 base d o n 
spee d an d accuracy . 

Apparatu s a n d display .  Th e experimen t  wa s ru n o n 
a Macintos h I I  computer .  Th e displa y consiste d o f  si x dot s 
arrange d i n a  horizonta l  lin e o n th e computer' s screen .  Eac h 
scree n positio n wa s paire d wit h a  ke y o n th e computer' s 
keyboard ,  als o arrange d i n a  lin e ("Z" ,  'X' ,  'C ,  'B' ,  'N' ,  'M') . 
The stimulu s w a s a  smal l  blac k circl e tha t  appeare d 
immediatel y belo w on e o f  th e si x dots .  Th e time r  wa s starte d 
at  th e onse t  o f  th e stimulu s an d stoppe d b y th e subject' s 
response .  Th e RS I  wa s 12 0 msec . 

Procedure .  Subject s receive d detaile d instruction s 
durin g th e firs t  meeting .  The y wer e tol d tha t  th e purpos e o f 
th e experimen t  wa s t o "lear n mor e abou t  th e effec t  o f 
practic e o n moto r  performance" .  Bot h spee d an d accurac y 
wer e stresse d a s bein g important .  Afte r  receivin g th e 
instructions ,  subject s wer e give n 3  practic e block s o f  1 5 
rando m trial s eac h a t  th e task .  A  schedul e fo r  th e 2 0 
experimenta l  session s wa s the n elaborated .  Mos t  subject s 
followe d a  regula r  schedul e o f  tw o session s a  day . 

Stimulu s Material .  Stimul i  wer e generate d o n th e 
basi s o f  th e smal l  finite-stat e gramma r  show n i n Figur e 1 . 
Finite-Stat e grammar s consis t  o f  node s connecte d b y 
labele d arcs .  Expression s o f  th e languag e ar e generate d b y 
startin g a t  nod e #0 ,  choosin g a n arc ,  recordin g it s label ,  an d 
repeatin g thi s proces s wit h th e nex t  node .  Th e vocabular y 
associate d wit h th e gramma r  w e use d consist s o f  si x letter s 
I'T ,  'S' ,  'X' ,  'V ,  'P' ,  an d 'Q') ,  eac h represente d twic e o n 

differen t  arc s o f  th e gramma r  (a s denote d b y th e subscrip t 
of  eac h letter) .  Thi s result s I n highl y context-dependen t 
transitions ,  a s identica l  letter s ca n b e followe d b y differen t 
set s o f  successor s a s a  functio n o f  thei r  positio n i n th e 
grammar  (Fo r  instance ,  'S< '  ca n onl y b e followe d b y 'Q' ,  bu t 
'S2 '  ca n b e followe d b y eitne r  ' V o r  'P') .  Th e gramma r  wa s 
constructe d s o a s t o avoi d direc t  repetition s o f  a  particula r 
letter ,  sinc e i t  i s know n (Hyman ,  1953 ;  Bertelson ,  1961 )  tha t 
repeate d stimul i  elici t  shorte r  reactio n time s independentl y 
of  thei r  probabilit y  o f  presentation .  Finally ,  not e tha t  th e 
grammar  loop s ont o itself :  th e firs t  an d las t  nodes ,  bot h 
denote d b y th e digi t  0 ,  ar e actuall y th e same . 

Figur e 1  :  Th e Finit e Stat e Grammar  use d t o 
generat e th e stimulu s sequenc e i n Experimen t  1 . 

Stimulus generation proceeded as follows. On each trial, 
thre e step s wer e execute d i n sequence .  First ,  a n ar c wa s 
selecte d a t  rando m amon g th e possibl e arc s comin g ou t  o f 
th e curren t  node ,  an d it s correspondin g lette r  recorded .  Th e 
curren t  nod e wa s se t  t o b e nod e # 0 o n th e ver y firs t  tria l  o f 
any block ,  an d wa s update d o n eac h tria l  t o b e th e nod e 
pointe d t o b y th e selecte d arc .  Second ,  i n 1 5 % o f  th e 
cases ,  anothe r  lette r  wa s substitute d t o th e lette r  recorde d 
at  ste p 1  b y choosin g i t  a t  rando m amon g th e fiv e remainin g 
letter s i n th e grammar .  Third ,  th e selecte d lette r  wa s use d t o 
determin e th e scree n positio n a t  whic h th e stimulu s woul d 
appear .  A  6  x  6  Lati n Squar e desig n wa s used ,  s o tha t  eac h 
lette r  corresponde d t o eac h scree n positio n fo r  exactl y on e 
of  th e si x subjects . 

Design .  Th e experimen t  consiste d o f  2 0 session s o f 
20 block s o f  15 5 trial s each .  Eac h bloc k wa s initiate d b y a 
"Get  ready "  messag e an d a  warnin g beep .  Afte r  a  shor t 
delay ,  15 5 trial s wer e presente d t o th e subject .  Th e firs t  fiv e 
trial s o f  eac h bloc k wer e entirel y rando m s o a s t o eliminat e 
initia l  variabilit y  i n th e responses .  Thes e dat a point s wer e 
not  recorded .  Th e nex t  15 0 trial s wer e generate d accordin g 
t o th e procedur e describe d above .  Afte r  eac h block ,  th e 
compute r  pause d fo r  approximatel y 3 0 seconds .  Th e 
messag e "Res t  Break "  wa s displaye d o n th e screen ,  alon g 
wit h informatio n abou t  subjects' s performanc e (mea n R T an d 
accurac y fo r  th e las t  block ,  an d amoun t  earned) . 
Results & Discussion 

Figure 2 shows the average RTs on correct 
response s fo r  eac h o f  th e 2 0 experimenta l  sessions , 

plotte d separatel y fo r  predictabl e an d unpredictabl e 
trials .  A  genera l  practic e effec t  i s  readil y apparent ,  a s 

wel l  a s a n increasingl y larg e differenc e betwee n 
predictabl e an d unpredictabl e trials .  A  two-wa y 

A N O VA wit h repeate d measu re s o n bot h factor s 

(practic e [2 0 levels ]  X  tria l  typ e [grammatica l  vs . 
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ungrammatical] )  reveale d significan t  mai n effect s o f 

practice ,  F(19,95 )  =  9.491 ,  p  <  .001 ;  an d o f  tria l  type , 
F(1,5 )  =  105.293 ,  p  <  .001 ;  a s wel l  a s a  significan t 
interaction ,  F(19,95 )  =  3.022 ,  p  <  .001 .  I t  appear s tha t 
subject s b e c o m e increasingl y sensitiv e t o th e 

sequentia l  structur e o f  th e material .  Yet ,  w h e n 
interviewe d afte r  th e task ,  al l  subject s reporte d feelin g 

tha t  th e sequenc e wa s random ,  an d faile d t o repor t 

noticin g an y patter n i n th e dat a bu t  smal l  alternation s 
(e.g .  th e loop s o n node s # 2 an d #4) . 

th e dat a wit h th e probabilit y  o f  occurrenc e o f  th e 

stimul i  give n differen t  amount s o f  tempora l  context . 

Orammatloa l 
Ungrammatloa l 

I 
c 
o 
u 
s 

560 

S20 
500 
4B0 

380 

Figur e 2  :  M e a n R T s fo r  grammatica l  a n d ungrammatica l 
trial s fo r  e a c h o f  th e 2 0 session s o f  Exper imen t  1 . 

Accuracy averaged 98.12% over all trials. The small 
differenc e betwee n accurac y o n predictabl e (98.35% ) 
and unpredictabl e (96.68% )  trial s wa s no t  significant . 

O ne mechanis m tha t  woul d accoun t  fo r  th e 
progressiv e differentiatio n betwee n predictabl e an d 
unpredictabl e trial s consist s o f  assumin g tha t  subjects , 
i n attemptin g t o optimiz e thei r  reactio n times , 
progressivel y c o m e t o anticipat e successiv e event s o n 
th e basi s o f  a n increasingl y larg e tempora l  contex t  se t 
by previou s element s o f  th e sequence .  I n th e gramma r 
we used ,  mos t  element s ca n b e perfectl y anticipate d 
on th e basi s o f  tw o element s o f  tempora l  context ,  bu t 
some o f  the m requir e thre e o r  eve n fou r  element s o f 
tempora l  contex t  t o b e maximall y disambiguated .  Fo r 
instance ,  th e pat h 'SQ '  (leadin g t o nod e #2 )  occur s 
onl y onc e i n th e g ramma r  an d ca n onl y b e legall y 
followe d b y 'S '  o r  b y 'X' .  I n contrast ,  th e pat h T V X '  ca n 
lea d t o eithe r  nod e # 5 o r  nod e #6 ,  an d i s therefor e no t 
sufficien t  t o perfectl y distinguis h betwee n stimul i  tha t 
occu r  onl y a t  nod e # 5 ('S '  o r  'Q' )  an d stimul i  tha t  occu r 
onl y a t  nod e # 6 ( T o r  'P') .  O n e woul d assum e tha t 

subject s initiall y  respon d t o th e prediction s entaile d b y 
th e shortes t  paths ,  an d progressivel y b e c o m e 
sensitiv e t o th e higher-orde r  contingencie s a s the y 
encod e mor e an d mor e tempora l  context . 

A simpl e analysi s tha t  woul d revea l  whethe r  o r  no t 
subject s ar e indee d basin g thei r  performanc e o n a n 
encodin g o f  a n increasingl y larg e tempora l  contex t  wa s 
conducted .  It s genera l  principl e consist s o f  comparin g 

•o 
i 
•= 0 4 

• 
— o— 

CP3 
CP2 
CP 1 

1-4 5- « 9-1 2 13-1 6 17.2 0 
Experlmanta l  Se«*lon * 

Figur e 3  :  Correspondenc e betwee n th e huma n 
response s an d CP s afte r  path s o f  lengt h 1  - A durin g 

successiv e block s o f  fou r  simulate d sessions . 

First, we estimated the conditional probabilities 
(CPs )  o f  observin g eac h lette r  a s th e successo r  o f 
ever y grammatica l  pat h o f  lengt h 1 ,  2 ,  3  an d 4 
respectively .  Next ,  th e averag e R T fo r  eac h successo r 
t o path s o f  lengt h 4  wer e computed ,  separatel y fo r 
successiv e block s o f  fou r  experimenta l  sessions . 
Finally ,  2 0 separat e regressio n analyse s wer e 
conducted ,  usin g eac h o f  th e fou r  set s o f  C P s a s 
predictor ,  an d eac h o f  th e fiv e set s o f  m e a n R T s a s 
dependen t  variable .  I f  subject s ar e encodin g 
increasingl y larg e amount s o f  tempora l  context ,  w e 
woul d expec t  th e varianc e i n th e distributio n o f  thei r 
response s a t  successiv e point s i n trainin g t o b e bette r 
explaine d b y C P s o f  increasingl y highe r  statistica l 
orders . 

Figur e 3  illustrate s th e result s o f  thes e analyses . 
Eac h poin t  o n th e figur e represent s th e r-square d 
coefficien t  o f  a  specifi c  regressio n analysis .  Point s 
correspondin g t o analyse s conducte d wit h th e s a m e 
amount  o f  tempora l  contex t  ( 1 -  4  elements )  ar e linke d 
together .  Althoug h th e overal l  fi t  i s  rathe r  lo w (Not e 
tha t  th e vertica l  axi s onl y extend s t o 0.5) ,  th e figur e 
nevertheles s reveal s tha t  subject s b e c o m e 
increasingl y sensitiv e t o th e tempora l  contex t  se t  b y 
previou s element s o f  th e sequence .  O n e ca n se e tha t 
th e correspondenc e wit h th e first-orde r  C P s tend s t o 
leve l  of f  belo w th e fit s fo r  th e second ,  thir d an d fourt h 
orders .  Th e fit s t o th e second ,  thir d an d fourt h orde r 
path s ar e highl y simila r  i n par t  becaus e thei r  associate d 
C Ps ar e themselve s highl y similar . 

I n orde r  t o asses s mor e directl y whethe r  subject s 
ar e abl e t o encod e thre e o r  fou r  letter s o f  tempora l 
context ,  severa l  analyse s o n specifi c  successor s o f 
specifi c  path s wer e conducted .  O n e suc h analysi s 
involve d severa l  path s o f  lengt h 3 .  Thes e path s wer e 
th e s a m e i n thei r  las t  tw o elements ,  bu t  differe d i n thei r 

firs t  elemen t  a s wel l  a s i n thei r  lega l  successors .  Fo r 
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example ,  w e compare d 'XT V versu s 'PT V an d 'QTV , 

and examine d RT s fo r  th e letter s 'S '  (lega l  onl y afte r 
'XTV )  an d T  (lega l  onl y afte r  'PT V o r  ' Q T V ) .  I f 

subject s ar e sensitiv e t o thre e letter s o f  context ,  thei r 
respons e t o a n 'S '  shoul d b e relativel y faste r  afte r  'XT V 

tha n i n th e othe r  cases ,  an d thei r  respons e t o a  T 
shoul d b e relativel y faste r  afte r  'PT V o r  ' Q T V tha n 
afte r  'XTV .  Averagin g ove r  al l  candidat e context s o f 

thi s type ,  w e foun d tha t  a  sligh t  advantag e fo r  th e lega l 
successor s emerge d i n session s 8-1 2 an d remaine d 

presen t  ove r  session s 13-1 6 an d 17-2 0 ( p <.05) .  Thu s 

ther e appear s t o b e evidenc e o f  sensitivit y t o a t  leas t 

thre e element s o f  tempora l  context .  However ,  n o 

sensitivit y t o th e firs t  elemen t  o f  otherwis e identica l 
path s o f  lengt h 4  (e.g .  'XTVX '  vs .  'PTV X an d 'QTVX' ) 
was found ,  eve n durin g session s 17-20 . 

E X P E R I M E NT 2 

Experiment 1 demonstrated that subjects 

progressivel y b e c o m e sensitiv e t o th e sequentia l 
structur e o f  th e materia l  an d see m t o b e abl e t o 
maintai n informatio n abou t  th e tempora l  contex t  fo r  u p 
t o thre e steps .  T h e tempora l  contingencie s 
characterizin g thi s gramma r  wer e relativel y simple , 
however ,  sinc e i n mos t  cases ,  onl y tw o element s o f 
tempora l  contex t  ar e neede d t o disambiguat e th e nex t 
even t  perfectly . 

Figur e 4  :  Th e Finit e Stat e Grammar  use d t o generat e 
th e stimulu s sequenc e i n Experimen t  2 . 

Further, contrasting long-distance dependencies 

wer e no t  controlle d fo r  thei r  overal l  frequency .  I n 
Experimen t  2 ,  a  mor e comple x gramma r  (Figur e 4 )  wa s 

use d i n a n attemp t  t o identif y limit s o n subjects '  abilit y 
t o maintai n informatio n abou t  mor e distan t  element s o f 

th e sequence .  I n thi s grammar ,  th e las t  elemen t  ('A '  o r 

'X' )  i s  contingen t  o n th e firs t  on e (als o 'A '  o r  'X') . 
Informatio n abou t  th e firs t  element ,  however ,  ha s t o b e 
maintaine d acros s eithe r  o f  th e tw o embedding s i n th e 
grammar ,  an d i s totall y irrelevan t  fo r  predictin g th e 

element s o f  th e embeddings .  Further ,  th e tw o 

embedding s ar e identical .  Thus ,  i n orde r  t o accuratel y 
predic t  th e las t  elemen t  a t  node s #1 1 o r  #12 ,  on e 

need s t o maintai n informatio n acros s a  minimu m o f 

thre e intervenin g steps .  Accurat e expectation s abou t 

th e natur e o f  th e las t  elemen t  woul d b e reveale d b y a 
differenc e i n th e R T elicite d b y th e letter s 'A '  an d 'X '  a t 
node s #1 1 an d #1 2 ('A '  shoul d b e faste r  tha n 'X '  a t 

nod e #11 ,  an d vice-versa) .  Naturally ,  ther e wa s agai n a 
1 5 % chanc e o f  substitutin g anothe r  lette r  t o th e on e 

prescribe d b y th e grammar .  Further ,  i n orde r  t o avoi d 

direc t  repetition s betwee n th e letter s tha t  preced e an d 
follo w nod e #13 ,  a  smal l  loo p wa s inserte d a t  nod e 
#13 .  Q n e rando m lette r  wa s alway s presente d a t  thi s 
point ;  afte r  whic h ther e wa s a  4 0 % chanc e o f  stayin g i n 

th e loo p o n subsequen t  steps . 

Method 

Six new subjects (CMU undergraduates and graduates, 
aged 19-35 )  participate d i n Experimen t  2 .  Th e desig n o f 
Experimen t  2  wa s otherwis e identica l  t o tha t  o f  Experimen t 
1. 

Results & Discussion 

Figure 5 shows the main results of Experiment 2. 
The y closel y replicat e th e genera l  result s o f 
Experimen t  1 ,  althoug h subject s wer e a  littl e bi t  faste r 
overal l  i n Experimen t  2 .  A  two-wa y A N O VA wit h 
repeate d measure s o n bot h factor s (practic e [2 0 

levels ]  X  tria l  typ e [grammatica l  vs .  ungrammatical] ) 
agai n reveale d significan t  mai n effect s o f  practice , 

F(19,95 )  =  32.011 ,  p  <  .001 ;  an d o f  tria l  type ,  F(1,5 )  = 
253.813 ,  p  <  .001 ;  a s wel l  a s a  significan t  interaction , 
F(19,95 )  =  4.670 ,  p<.001 . 

Accurac y wa s 97.00 % ove r  al l  trials .  Th e differenc e 
betwee n grammatica l  (97.60% )  an d ungrammatica l 
(95.40% )  wa s significant ;  t(5 )  =  2.294 ,  p  <  0.5 . 

Of  greate r  interes t  ar e th e result s o f  analyse s 
conducte d o n th e response s elicite d b y th e 
successor s o f  th e fou r  shortes t  path s startin g a t  nod e 
#0 an d leadin g t o eithe r  nod e #1 1 o r  nod e #1 2 
('AJCÎ ' ,  'AI^U' ,  'XJCM '  &  'XMLJ') .  A m o n g thos e 
paths ,  thos e beginnin g wit h 'A '  predic t  'A '  a s thei r  onl y 

possibl e successor ,  an d vice-vers a fo r  path s startin g 
wit h 'X' .  Thi s onl y holds ,  though ,  i f  al l  fou r  letter s o f 

eac h pat h ar e encoded .  Indeed ,  th e sub-path s 'JCM ' 
and 'MLJ '  undifferentiall y  predic t  'A '  o r  'X '  a s thei r 
possibl e successors .  Th e RT s o n lega l  successor s o f 

eac h o f  thes e fou r  path s (i.e .  'A '  fo r  'AJCM '  an d 'AIVILJ' ; 
and 'X '  fo r  'XJCM '  an d 'XMU' )  wer e average d togethe r 
an d compare d t o th e averag e R T o n thei r  illega l 

successor s (i.e .  'X '  fo r  'AJCM '  an d 'AMU' ;  an d 'A '  fo r 

'XJCM '  an d 'XMLJ') ,  thu s yieldin g tw o scores .  An y 

significan t  differenc e betwee n thes e tw o score s woul d 

m e an tha t  subject s ar e discriminatin g betwee n lega l 

and illega l  successor s o f  thes e fou r  paths ,  thereb y 
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suggestin g tha t  the y hav e b e e n abl e t o maintai n 
informatio n abou t  th e firs t  lette r  o f  eac h pat h ove r 
thre e irrelevan t  steps .  T h e m e a n R T o n lega l 

successor s ove r  th e las t  fou r  session s o f  th e 

experimen t  w a s 384.896 ,  a n d th e correspondin g 

scor e fo r  illega l  successor s w a s 387.847 .  A  paire d t -

tes t  o n thi s differenc e faile d t o reac h significanc e (t(5 ) 
= 0.571 ,  p > 0.05) . 

QrammaMoal 
Ungr«mm«ltc« l 

560 
S40 
520 
500 
480 

•  46 0 

440 
420 
400 
3B0 

Sessio n 
Figur e 5  :  M e a n R T s fo r  grammatica l  an d ungrammatica l 

trial s fo r  eac h o f  th e 2 0 session s o f  Experimen t  2 . 

To sum up, subjects do not appear to be able to 
encod e long-distanc e dependencie s whe n the y spa n 
3 item s o f  embedde d independen t  material ;  a t  least , 
the y canno t  d o s o i n th e amoun t  o f  practic e use d here . 
However ,  ther e i s clea r  evidenc e o f  sensitivit y t o a t 
leas t  th e previou s tw o element s o f  tempora l  context . 

S IMPLE R E C U R R E NT N E T W O R KS 

Early models of sequence processing (e.g. Estes' 
"statistica l  learnin g theory" )  hav e typicall y assume d 
tha t  subject s s o m e h o w comput e th e conditiona l 
probabilitie s fo r  al l  relevan t  statistica l  orders ,  bu t  faile d 
t o sho w h o w subject s migh t  c o m e t o represen t  o r 
comput e them .  I n th e following ,  w e presen t  a  mode l  o f 
sequenc e processin g tha t  come s t o elaborat e it s ow n 
interna l  representation s o f  th e tempora l  contex t 
despit e ver y limite d processin g resources .  Th e mode l 
consist s o f  a  Simpl e Recurren t  back-propagatio n 
Networ k ('SRN' ,  se e Elman ,  1988 ;  Cleeremans , 
Servan-Schreibe r  &  McClelland ,  1989) . 

I n th e S R N (Figur e 6) ,  th e hidde n uni t  laye r  i s 
allowe d t o fee d bac k o n itself ,  s o tha t  th e intermediat e 
result s o f  processin g a t  tim e t- 1 ca n influenc e th e 
intermediat e result s o f  processin g a t  tim e t .  I n practice , 
th e S R N i s implemente d b y copyin g th e patter n o f 

activatio n o n th e hidde n unit s ont o a  se t  o f  "contex t 

units "  whic h fee d int o th e hidde n layer ,  alon g wit h th e 

inpu t  units .  Al l  th e forward-goin g connection s i n thi s 

architectur e ar e modifie d b y back-propagation .  Th e 

recurren t  connection s fro m th e hidde n laye r  t o th e 
contex t  laye r  implemen t  a  simpl e cop y operatio n an d 
ar e no t  subjec t  t o training . 

As reporte d elsewher e (Cleeremans ,  Servan -

Schreibe r  &  fvlcClellarxl ,  1989) ,  w e hav e show n tha t  a n 

S RN traine d t o predic t  th e successo r  o f  eac h elemen t 

of  a  sequenc e presente d on e elemen t  a t  a  tim e ca n 
lear n t o perfor m thi s "predictio n task "  perfectl y o n 

simpl e finite-stat e grammar s lik e th e on e use d i n 
Experimen t  1 .  Followin g training ,  th e networ k 
produce s th e conditiona l  probabilitie s o f  presentatio n 
of  al l  possibl e successor s o f  th e sequence .  Sinc e al l 
letter s o f  th e gramma r  wer e inherentl y ambiguou s (i.e . 

predictin g the m require s mor e tha n th e immediat e 
predecesso r  t o b e encoded) ,  th e networ k mus t  hav e 

develope d representation s o f  entir e subsequence s o f 
events .  Not e tha t  th e networ k i s neve r  presente d wit h 

mor e tha n on e elemen t  o f  th e sequenc e a t  a  time . 
Thus ,  i t  ha s t o elaborat e it s o w n interna l 
representation s o f  a s m u c h tempora l  contex t  a s i s 
neede d t o achiev e optima l  predictions . 

OUTPUT UNIT S :  Elemen t  t+ 1 

J\ 

HIDDEN UNIT S 

CONTEXT UNIT S INPUT UNIT S :  Elemen t  t 

Figur e 6  :  Th e simpl e recurren t  network . 

A complete analysis of the learning process is too 
lon g t o b e presente d her e ( a ful l  accoun t  i s give n i n 
Servan-Schreiber ,  Cleereman s &  McClelland ,  1988) , 
but  th e ke y point s ar e a s follow s :  A s th e initia l  paper s 
abou t  back-propagatio n (e.g .  Rumelhart ,  Hinto n & 
Williams ,  1986 )  pointe d out ,  th e hidde n uni t  pattern s 
of  activatio n represen t  a n "encoding "  o f  th e feature s 
of  th e inpu t  pattern s tha t  ar e relevan t  t o th e task .  I n th e 
S R N,  th e hidde n laye r  i s presente d wit h informatio n 
abou t  th e curren t  letter ,  bu t  als o -  o n th e contex t  laye r 
-  wit h a n encodin g o f  th e relevan t  feature s o f  th e 
previou s letter .  Thus ,  a  give n hidde n laye r  patter n ca n 
c o me t o encod e informatio n abou t  th e relevan t 
feature s o f  tw o consecutiv e letters .  W h e n thi s patter n 
i s fe d bac k o n th e contex t  layer ,  th e ne w patter n o f 
activatio n ove r  th e hidde n unit s ca n c o m e t o encod e 
informatio n abou t  thre e consecutiv e letters ,  an d s o 
on.  I n thi s manner ,  th e contex t  laye r  pattern s ca n allo w 

th e networ k t o lear n t o maintai n prediction-relevan t 
feature s o f  a n entir e sequence . 

To mode l  ou r  experimenta l  situation ,  w e use d a n 
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S RN wit h 1 5 hidde n unit s an d loca l  representation s o n 

bot h th e inpu t  an d outpu t  pool s (I.e .  eac h uni t 
corresponde d t o o n e o f  th e 6  stimuli) .  T h e networ k 

w as traine d t o predic t  eac h elemen t  o f  a  continuou s 
s e q u e n c e o f  stimul i  generate d i n exactl y th e s a m e 
condition s a s fo r  th e h u m a n subjects .  O n eac h step ,  a 

lette r  w a s generate d fro m th e g r a m m a r  a s describe d 

above ,  a n d presente d t o th e networ k b y settin g th e 
activatio n o f  th e correspondin g inpu t  uni t  t o 1.0 . 

Activatio n w a s the n allowe d t o sprea d t o th e othe r 
unit s o f  th e network ,  a n d th e erro r  be twee n it s 

respons e an d th e actua l  successo r  o f  th e curren t 

stimulu s w a s the n use d t o modif y th e weights . 
Durin g training ,  th e activatio n o f  eac h outpu t  uni t 

w as recorde d o n ever y tria l  an d transforme d int o Luc e 

ratio s t o normaliz e th e responses .  Fo r  th e purpos e o f 
comparin g th e model' s an d th e subject' s responses , 
w e a s s u m e d 1 )  tha t  th e normalize d activation s o f  th e 
outpu t  unit s represen t  respons e tendencies ,  an d 2 ) 
tha t  ther e i s a  linea r  reductio n i n R T proportiona l  t o th e 
relativ e strengt h o f  th e uni t  correspondin g t o th e 

correc t  response^ . 

5-6 9-1 2 13-1 6 17-2 0 
Simulate d Satalon * 

Figur e 7  :  Correspondenc e betwee n th e SRN' s 
response s an d C P s afte r  path s o f  lengt h 1- 4 durin g 

successiv e block s o f  fou r  simulate d sessions . 

This data was first analyzed in the same way as for 
Experimen t  1  subjects ,  an d compare d t o th e C P s o f 
increasingl y highe r  statistica l  order s i n 2 0 separat e 
regressio n analyses .  T h e result s ar e illustrate d i n 
Figur e 7 .  I n star k contras t  wit h th e h u m a n dat a (Figur e 
3,  not e th e scal e difference) ,  th e variabilit y  i n th e 
model ' s response s appear s t o b e ver y strongl y 

determine d b y th e probabilitie s o f  particula r  successo r 

letter s give n th e tempora l  context .  T h e figur e als o 

reveal s tha t  th e model' s behavio r  i s dominate d b y th e 
first-orde r  C P s fo r  m o s t  o f  th e training ,  bu t  tha t  i t 

b e c o m e s progressivel y m o r e sensitiv e t o th e secon d 
ain d highe r  orde r  C P s .  I f  trainin g w a s t o b e continue d 
b e y o n d 60,00 0 exposures ,  th e model' s response s 

2 Naturally, the second assumption is a simplification. We 
ar e currentl y i n th e proces s o f  explorin g mor e realisti c 
version s o f  thi s assumotion . 

woul d c o m e t o approximat e increasingl y highe r  C P s . 

Figur e 8  illustrate s a  m o r e direc t  compariso n 
betwee n th e model' s response s a t  successiv e point s 
i n trainin g wit h th e correspondin g h u m a n data .  First , 

we compute d th e averag e R T o f  eac h lette r  a t  eac h 
n o d e o f  th e g r a m m a r .  Thi s yield s a  se t  o f  4 2 dat a 

point s (Du e t o noise ,  eac h o f  th e si x letter s m a y occu r 

at  an y o f  th e seve n differen t  nodes) .  Thi s analysi s w a s 
conducte d o n R T s average d ove r  block s o f  fou r 

successiv e experimenta l  sessions ,  thu s yieldin g fiv e 
differen t  set s o f  data .  Next ,  a  simila r  analysi s w a s 

conducte d o n th e model' s responses .  Finally ,  w e 
conducte d 2 5 separat e regressio n analyse s o n thes e 
data .  Eac h poin t  i n Figur e 8  represent s th e r-square d 
coefficien t  o f  a  regressio n analysi s usin g th e model' s 

response s a t  a  particula r  poin t  i n trainin g a s predicto r 
an d th e h u m a n dat a a s dependen t  variable .  O n e 
woul d expec t  th e model' s earl y performanc e t o b e a 
bette r  predicto r  o f  th e subjects' s earl y behavior ,  an d 
vice-vers a fo r  late r  point s i n training . 

O 0  3 
c 

c 
o 
=E 
8.° ' 
o 
a. 
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SRN 0 1 0 4 
SRN 05-0 8 
SRN 09-1 2 

Exparlmenla l  Saaalon a 

Figur e 8  :  Correspondenc e betwee n th e SRN' s 
response s an d th e correspondin g huma n dat a 

durin g successiv e block s o f  fou r  session s o f  training . 

It is obvious that the model is not very good at 
capturin g subjects' s behavio r  :  th e overal l  fi t  i s 
relativel y lo w (not e tha t  th e vertica l  axi s onl y goe s u p t o 
0.5) ,  a n d reflect s onl y weak l y th e expecte d 
progressions .  Basically ,  to o m u c h o f  th e varianc e i n 
th e model ' s pe r fo rmanc e i s accounte d fo r  b y 
sensitivit y t o th e tempora l  context . 

H o w e v e r ,  explorator y examinatio n o f  th e dat a 
reveale d tha t  performanc e i n thi s tas k depend s o n 
thre e othe r  factor s (i n additio n t o th e conditiona l 

probabilit y  o f  appearanc e o f  a  stimulus) : 

Firs t  o f  all ,  i t  appear s tha t  a  respons e tha t  i s actuall y 

execute d remain s prime d fo r  a  n u m b e r  o f  subsequen t 

thal s (Remington ,  1969) .  I f  i t  follow s itsel f  immediately , 

ther e i s abou t  6 0 t o 9 0 m s e c o f  facilitation ,  dependin g 

o n othe r  factors .  I f  i t  follow s afte r  a  singl e intervenin g 

respons e (a s i n 'VT-V ,  fo r  example) ,  ther e i s abou t  2 5 

m s ec o f  facilitatio n i f  th e lette r  i s  grammatica l  a t  th e 

secon d occurrence ,  an d 4 5 m s e c i f  i t  i s  ungrammatical . 
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The secon d facto r  m a y b e related :  response s tha t 
ar e grammatica l  a t  tria l  t  bu t  d o no t  actuall y occu r 
remai n prime d a t  tria l  t+1 ;  th e effec t  i s  somewha t 

weaker ,  averagin g abou t  3 0 msec .  Th e firs t  tw o factor s 
may b e summarize d b y assumin g tha t  activation s a t 

tim e t  deca y graduall y ove r  subsequen t  trials ,  an d 
response s tha t  ar e actuall y execute d b e c o m e full y 
activated ,  whil e thos e tha t  ar e no t  execute d ar e onl y 

partiall y  primed . 
The thir d facto r  i s a  priming ,  no t  o f  a  particula r 

response ,  bu t  o f  a  particula r  sequentia l  pairin g o f 
responses .  Thi s ca n bes t  b e illustrate d b y a 
contrastin g example ,  i n whic h th e respons e t o th e 
secon d 'X '  i s  compare d i n 'QXQ-X '  an d 'VXQ-X' .  Th e 

respons e t o th e secon d X  tend s t o b e abou t  1 0 m s e c 
faste r  i n case s lik e 'QXQ-X' ,  wher e th e 'X '  follow s th e 
same predecesso r  twic e i n a  row ,  tha n i t  i s i n case s lik e 
'VXQ-X' ,  i n whic h th e firs t  'X '  follow s on e lette r  an d th e 
secon d follow s a  differen t  letter . 

Thi s thir d facto r  ca n perhap s b e accounte d fo r  i n 

severa l  ways .  W e hav e explore d th e possibilit y  tha t  i t 
result s fro m a  rapidl y decayin g componen t  t o th e 
incremen t  t o th e connectio n weight s mediatin g th e 
associativ e activatio n o f  a  lette r  b y it s predecessor . 
Such "fast "  weight s hav e bee n propose d b y a  numbe r 
of  investigator s (McClellan d &  Rumelhart ,  1985 ; 
Hinto n &  Plaut ,  1987) .  Th e ide a i s tha t  whe n 'X '  follow s 
'Q' ,  th e connectio n weight s underlyin g th e predictio n 
tha t  'X '  wil l  follo w 'Q '  receive s a n incremen t  whic h ha s a 
short-ter m componen t  i n additio n t o th e standar d 
long-ter m component .  Thi s short-ter m incremen t  i s stil l 
presen t  i n sufficien t  forc e t o influenc e th e respons e t o 
a subsequen t  'X '  tha t  follow s a  immediatel y 
subsequen t  'Q' . 

I n ligh t  o f  thes e analyses ,  on e possibilit y  fo r  th e 
relativ e failur e o f  th e origina l  mode l  t o accoun t  fo r  th e 
dat a i s tha t  th e S R N i s partiall y  correct ,  bu t  tha t  h u m a n 
response s ar e als o affecte d b y rapidl y decayin g 
activation s an d adjustment s t o connectio n weight s 
fro m precedin g trials .  T o tes t  thi s idea ,  w e incorporate d 
bot h kind s o f  mechanism s int o a  secon d model . 

Thi s ne w simulatio n mode l  wa s exactl y th e s a m e a s 
before ,  excep t  fo r  th e followin g tw o change s : 

First ,  i t  w a s a s s u m e d tha t  pre-activatio n o f  a 
particula r  respons e w a s based ,  no t  onl y o n activatio n 
comin g fro m th e networ k bu t  als o o n a  decayin g trac e 
of  th e previou s activation : 

respact[i](t) = act[i](t) + (1 - act[i](t)) * k ' respact[i](t -1) 

where act{t) is the activation of the unit based on the 

networ k a t  tim e t ,  an d respact(t )  i s  a  kin d o f  non-linea r 

runnin g averag e tha t  remain s bounde d betwee n 0  an d 

1.  W h e n a  particula r  respons e i s executed ,  th e 

correspondin g respac t  i s se t  t o 1.0 .  Th e constan t  k  i s 

set  t o 0.5 ,  s o tha t  th e half-lif e o f  a  respons e activatio n 

i s on e tim e step . 

Th e secon d chang e i s simpl y t o a s s u m e tha t  w h e n 
weight s ar e change d b y th e back-propagatio n learnin g 

procedure ,  ther e ar e tw o components ,  on e o f  whic h I s 

a smal l  (epsilo n =  0.15 )  bu t  effectivel y permanen t 

chang e (I.e. ,  a  deca y rat e slo w enoug h t o ignor e fo r 
presen t  purposes )  an d th e othe r  o f  whic h i s a  large r 
(epsilo n =  0. 2 )  chang e tha t  ha s a  half-lif e o f  a  singl e 
time-step . 

Wit h thes e change s i n place ,  w e observe d that ,  o f 
course ,  th e proportio n o f  th e varianc e i n th e mode l 
accounte d fo r  b y prediction s base d o n on e t o fou r 
letter s o f  tempora l  contex t  i s  dramaticall y reduce d 
(Figur e 9) .  Mor e interestingly ,  th e patter n o f  chang e i n 
thes e measures ,  a s wel l  a s th e overal l  fit ,  i s  n o w quit e 
simila r  t o tha t  see n i n th e dat a (Figur e 3) . 

5.8 9-1 2 13-1 6 17-2 0 
Simulate d Seaalon s 

Figur e 9  :  Correspondenc e betwee n th e augmente d 
SRN's response s an d CP s afte r  path s o f  lengt h 1- 4 
durin g successiv e block s o f  fou r  simulate d sessions . 

Indeed, there is a similar progressive increase in the 
correspondenc e wit h th e higher-orde r  C P s ,  wit h th e 
curv e fo r  th e first-orde r  C P s levelin g of f  relativel y early , 
as i n th e huma n data . 

09 • 

SRN 01-0 4 
SRN 05-0 ^ 
SRN 09̂1 2 
SRN t? 16 
SRN 1 7 2 0 1-4 5- 8 9-1 2 13-1 6 17-2 0 

Experimenta l  Seaaion a 

Figure 10 : Correspondence between the augmented 
S R N ' s response s an d th e correspondin g h u m a n dat a 
durin g successiv e block s o f  fou r  session s o f  training . 

A more direct indication of the good fit provided by 
t h e curren t  vers io n o f  t h e m o d e l  i s  g i v e n b y t h e fac t 
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tha t  i t  n o w correlate s extremel y wel l  wit h th e 
performanc e o f  th e subject s (Figur e 10 ;  compar e wit h 
th e s a m e analysi s illustrate d i n Figur e 8) .  Lat e i n 

training ,  th e mode l  explain s abou t  8 6 % o f  th e varianc e 

of  th e correspondin g huma n data .  Clos e inspectio n o f 

th e figur e als o reveals ,  that ,  a s expected ,  th e SRN' s 
earl y distributio n o f  response s i s a  bette r  predicto r  o f 

th e correspondin g earl y h u m a n data .  Thi s 

correspondenc e get s inverte d late r  on ,  thereb y 
suggestin g tha t  th e mode l  no w capture s ke y aspect s 
of  acquisitio n a s well .  Indeed ,  a t  ever y point ,  th e bes t 
predictio n o f  th e huma n dat a i s th e simulatio n o f  th e 
correspondin g poin t  i n training . 

It  i s  ofte n claime d tha t  learnin g ca n procee d 
withou t  explici t  awarenes s (e.g .  Reber ,  1989 ; 
Willingham ,  Nisse n &  Bullemer ,  1989) .  I n ou r  case ,  i t 

appear s tha t  subject s d o becom e awar e o f  th e 

alternation s tha t  occu r  i n th e gramma r  (e. g 'SQSQ '  an d 

'VTVT '  i n Experimen t  1) ,  bu t  hav e littl e reportabl e 
knowledg e o f  an y othe r  contingencies .  Give n th e fairl y 

clos e correspondenc e o f  th e augmente d S R N wit h 

th e subjects' s performance ,  thi s clas s o f  mode l  woul d 
appea r  t o offe r  a  viabl e framewor k fo r  modelin g thi s 
typ e o f  implici t  learning . 

R E F E R E N C ES 

G E N E R AL D I S C U S S I O N 

In Experiment 1, subjects were exposed to a 6-
choic e seria l  reactio n tim e tas k fo r  60,00 0 trials .  Th e 
sequentia l  structur e o f  th e materia l  wa s manipulate d b y 
generatin g successiv e stimul i  o n th e basi s o f  a  smal l 
finite-stat e grammar .  O n s o m e o f  th e trials ,  rando m 
stimul i  wer e substitute d t o thos e prescribe d b y th e 
grammar .  Th e result s clearl y suppor t  th e ide a tha t 
subject s b e c o m e increasingl y sensitiv e t o th e 

sequentia l  structur e o f  th e material .  Indeed ,  th e 
smoot h differentiatio n betwee n predictabl e an d 

unpredictabl e trial s ca n onl y b e explaine d b y assumin g 
tha t  th e tempora l  contex t  se t  b y previou s element s o f 

th e sequenc e facilitate s o r  interfere s wit h th e 
processin g o f  th e curren t  event .  Experimen t  2 
showe d tha t  subject s wer e relativel y unabl e t o 
maintai n informatio n abou t  long-distanc e 

contingencie s tha t  spa n irrelevan t  material . 
Take n together ,  thes e result s sugges t  tha t  i n thi s 

task ,  subject s graduall y acquir e a  comple x bod y o f 
procedura l  knowledg e abou t  th e sequentia l  structur e 

of  th e material .  The y ar e cleari y sensitiv e t o mor e tha n 
jus t  th e immediat e predecesso r  o f  th e letter ;  indeed , 

ther e i s evidenc e o f  sensitivit y t o differentia l 
prediction s base d o n tw o an d eve n thre e element s o f 
context .  However ,  sensitivit y t o tempora l  contex t  i s 
clearl y limited :  eve n afte r  60,00 0 trial s o f  practice , 
ther e i s n o evidenc e o f  sensitivit y t o fourth-orde r 
tempora l  context .  O f  course ,  i t  remain s possibl e tha t 
th e subject s woul d eventuall y discove r  th e fourth -
orde r  structure ,  jus t  a s th e mode l  ca n do . 

The augmente d S R N mode l  provide s a  detailed , 

mechanisti c ,  an d fairl y goo d accoun t  o f  th e data .  A t 

thi s poin t  i t  i s  difficul t  t o b e certai n whethe r  th e mode l 

i s capabl e o f  offerin g a  complet e accoun t  o f  al l  o f  th e 

structur e i n th e data .  First ,  w e hav e no t  explore d th e 

paramete r  spac e ver y extensivel y t o discove r  whethe r 

it  i s possibl e t o improv e o n th e existin g fit ;  an d second , 

it  i s  no t  clea r  jus t  ho w muc h mor e systemati c (a s 

oppose d t o random )  varianc e ther e i s i n th e dat a t o b e 

accounte d for . 
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