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Abstrac t 

Is implicit learning an independent and automatic process? In 
thi s paper ,  !  attemp t  t o answe r  thi s questio n b y explorin g 
whethe r  implici t  learnin g occur s eve n despit e th e availabilit y 
of  mor e reliabl e explici t  informatio n abou t  th e materia l  t o b e 
learnt .  I  repor t  o n a  serie s o f  experiment s durin g whic h 
subject s performe d a  sequentia l  choic e reactio n task .  O n eac h 
tria l  subject s wer e expose d t o a  stimulu s an d t o a  cu e o f 
varym g validit y which ,  whe n valid ,  indicate d wher e th e nex t 
stimulu s woul d appear .  Subject s coul d therefor e optimiz e thei r 
performanc e eithe r  b y implicitl y  encodin g th e sequentia l 
constraint s containe d i n th e materia l  o r  b y explicitl y  relyin g o n 
th e informatio n conveye d b y th e cue .  Som e theorie s predic t 
tha t  implici t  learnin g doe s no t  rel y o n th e sam e processin g 
resource s a s involve d i n explici t  learning .  Suc h theorie s woul d 
thu s predic t  tha t  sensitivit y t o sequentia l  constraint s shoul d no t 
be aftectc d b y th e presenc e o f  reliabl e explici t  informatio n 
abou t  sequenc e structure .  Othe r  theories ,  b y contrast ,  woul d 
predic t  tha t  implici t  learnin g woul d no t  occu r  i n suc h cases . 
The result s sugges t  tha t  th e forme r  theorie s ar c correct .  I  als o 
describ e preliminar y simulatio n wor k mean t  t o enabl e th e 
implication s o f  thes e contrastin g theorie s t o b e explored . 

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

Implicit learning; is typically defined as the process whereby 
subject s appea r  capabl e o f  acquirin g n e w informatio n 
withou t  concomitan t  awarenes s o f  wha t  i s bein g learnt .  Eve n 
thoug h thi s definitio n i s currentl y ver y controversia l  (e.g. , 
Rcbcr .  1994 :  Shank s &  StJohn ,  1994) .  ther e i s n o w a  larg e 
bod y o f  evidenc e suggestin g tha t  improvement s i n 
performanc e a t  a  give n tas k ar c no t  systematicall y 
accompanie d b y simila r  improvement s i n subjccts" s abilit y  t o 
expres s o r  us e th e acquire d knowledg e i n a n explici t  way . 
For  instance .  Artificia l  G r a m m a r  Learnin g studie s hav e 
s h o w n tha t  subject s ca n classif y string s o f  letter s a s 
grammatica l  o r  no t  afte r  practic e a t  memorizin g simila r 
strings ,  an d withou t  bein g abl e t o repor t  o n th e rule s tha t 
defin e granmiaticalit y  (e.g. ,  se c Dicnc s &  Berry .  1994 ,  fo r  a 
review) .  Sequenc e learnin g studies ,  o n whic h thi s pape r  wil l 
focus ,  hav e demonstrate d tha t  subject s ca n becom e sensitiv e 
t o th e regularitie s contained  i n sequence s o f  stimul i  presente d 
i n a  choic e reactio n sellin g despit e remainin g unabl e t o repor t 
on th e sequenc e o r  t o perfor m wel l  i n othe r  direc t  test s suc h 
as generation ,  wher e subject s ar c aske d t o predic t  th e nex t 
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stimulu s instea d o f  reactin g t o th e curren t  on e (e.g. , 
Cleeremans ,  1993a ;  Nisse n &  Bullemer ,  1987) . 

Implici t  learnin g i s assume d t o hav e a  numbe r  o f  feature s 
tha t  distinguis h i t  fro m explici t  learning .  However ,  becaus e 
th e existenc e an d natur e o f  implici t  learnin g i s controversial , 
ther e i s currentl y n o agreemen t  i n th e fiel d abou t  whic h 
feature s hav e bee n empiricall y established .  Fo r  instance , 
some author s clai m tha t  implici t  learnin g i s a n unconsciou s 
proces s tha t  ca n resul t  i n abstrac t  knowledg e (e.g. ,  Reber , 
1994) .  Fo r  others ,  however ,  implici t  learnin g i s essentiall y 
explici t  exemplar-base d learnin g (e.g. .  Shank s &  StJohn , 
1994) .  Thes e issue s hav e bee n extensivel y explore d 
empiricall y an d I  believ e tha t  i t  i s  fai r  t o sa y tha t  the y remai n 
largel y unsolve d a t  thi s point . 

I n thi s pape r  I  woul d lik e t o focu s o n a  assumptio n tha t 
ofte n underpin s th e other s bu t  tha t  ha s seldo m bee n 
addresse d directly ,  tha t  is ,  tha t  implici t  learnin g i s a n 
independen t  an d automati c process .  Thre e position s abou t 
thi s issu e hav e bee n expresse d i n th e implici t  learnin g 
literature . 

First ,  s o m e author s (e.g. ,  Perruche t  &  A m o r i m ,  1992 ) 
argu e tha t  performanc e i n implici t  learnin g task s doe s no t 
necessaril y  reflec t  th e operatio n o f  a n independen t  implici t 
learnin g system .  Rather ,  performanc e woul d b e mostl y base d 
on explici t  processing ,  bu t  th e resultin g knowledg e i s 
fragmente d enoug h tha t  verba l  report s probin g fo r  genera l 
informatio n ar e unlikel y t o revea l  th e exten t  o f  subjects ' 
knowledge . 

Othe r  author s (e.g. ,  Knowlton ,  R a m u s &  Squire ,  1992 ) 
assume tha t  implici t  an d explici t  learnin g ar e supporte d b y 
differen t  m e m o r y systems ,  an d tha t  thes e system s ar e 
completel y independen t  fro m eac h other .  Implici t  an d 
explici t  learnin g woul d thu s procee d i n parallel ,  an d withou t 
interacting .  The y produc e differen t  kind s o f  knowledge ,  an d 
ar e mos t  likel y t o operat e efficientl y i n contraste d settings . 

Finally ,  ther e m a y b e a n intermediat e positio n wher e on e 
assume s tha t  implici t  an d explici t  processin g indee d rel y o n 
distinc t  m e m o r y systems ,  bu t  i n whic h som e interaction s 
betwee n th e tw o system s ar e allowed ,  an d i n whic h som e 
processin g resource s ar e share d (e.g. ,  Cleeremans .  1993b) . 

Typically ,  thes e issue s hav e bee n approache d b y placin g 
subject s i n dua l  tas k settings .  Fo r  instance ,  Keel e an d hi s 
collaborator s (e.g. ,  Curra n &  Keele ,  1992 )  use d sequentia l 
reactio n tim e ( S R T )  task s couple d wit h a  secondar y tone -
countin g task .  Th e rational e o f  thes e experiment s wa s t o 
determin e whethe r  learnin g o f  th e sequentia l  structur e o f  th e 
stimulu s materia l  ca n stil l  occu r  despit e attentiona l  resource s 
bein g recruite d b y th e secondar y task .  I n othe r  experiment s 
Curra n &  Kccl e als o manipulate d subject' s explici t 
knowledg e b y lettin g the m stud y th e sequenc e beforehand . 
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I n general ,  th e result s o f  thes e an d othe r  studie s hav e 
show n tha t  th e availabilit y  o f  explici t  knowledg e result s i n 
belte r  performanc e unde r  singl e tas k conditions ,  bu t  tha t  th e 
presenc e o f  a  secondar y tas k result s i n ai l  subject s 
performin g a t  th e sam e leve l  regardles s o f  whethe r  o r  n o the y 
posses s explici t  knowledge . 

Thi s kin d o f  resul t  ha s ofte n bee n interprete d a s yieldin g 
suppor t  t o th e notion s (I )  tha t  sequenc e learnin g involve s 
bot h explici t  an d implici t  learning ,  an d (2 )  tha t  implici t 
learnin g relie s o n mechanism s tha t  ar e independen t  fro m 
short-ter m memor y an d fro m th e availabilit y  o f  attentiona l 
resources ,  bot h o f  whic h ar e cruciall y importan t  fo r  explici t 
learnin g t o occur . 

Thi s methodolog y ha s a  numbe r  o f  problems ,  however . 
First ,  i t  i s  difficul t  t o asses s h o w muc h attentiona l  capacit y 
th e secondar y tas k requires .  Fo r  instance ,  th e difficult y o f 
keepin g trac k o f  h o w man y tone s o f  a  particula r  kin d hav e 
bee n presente d so  fa r  m a y var y wit h th e numbe r  o f  tone s 
presented .  Thi s proble m make s i t  har d t o dra w stron g 
inference s abou t  th e relativ e independenc e o f  th e processe s 
responsibl e fo r  learnin g th e sequentia l  structure . 

Second ,  i t  i s  har d t o determin e h o w m u c h explici t 
knowledg e subject s posses s an d actuall y us e durin g th e task . 

I n thi s paper ,  inspire d b y wor k o n overshadowin g i n 
conditionin g experiment s wit h animal s (e.g. ,  Matzel , 
Schachtma n &  Miller ,  1985) ,  I  repor t  o n a  differen t  wa y t o 
addres s thi s issue .  Instea d o f  placin g subject s i n a  dual-tas k 
setting .  I  place d the m i n a  dual-stimulu s settin g wher e o n 
eac h trial ,  tw o source s o f  informatio n ar e availabl e t o 
comput e th e response :  th e sequentia l  contex t  se t  b y previou s 
element s o f  th e sequenc e o n th e on e hand ,  an d a  cu e 
indicatin g wher e th e nex t  stimulu s wil l  appea r  o n th e othe r 
hand .  Hence ,  o n eac h tria l  subject s ca n rel y o n eithe r  o r  bot h 
th e tempora l  contex t  an d th e informatio n conveye d b y th e 
cu e l o prepar e fo r  th e nex t  event .  D o subject s lear n abou t 
bot h dimension s o r  i s learnin g o f  on e dimensio n blocke d b y 
learnin g o f  th e other ? I f  implici t  learnin g trul y i s a n 
automati c proces s tha t  relie s o n independen t  processin g an d 
memory systems ,  the n on e shoul d expec t  t o obtai n suc h 
learnin g eve n i n condition s wher e mor e reliabl e an d full y 
explici t  source s o f  informatio n abou t  th e relevan t  materia l 
ar e available . 

I n th e following .  I  firs t  describ e experimenta l  wor k tha t 
implement s th e desig n outline d above .  Next ,  I  repor t  o n 
preliminar y simulatio n wor k tha t  illustrate s h o w on e ca n 
explor e thes e issue s withi n th e connectionis t  framework . 

E x p e r i m e n t a l  D e s i g n 

M e t h o d 

The experimen t  consiste d o f  thre e conditions .  Eac h consiste d 
of  1 0 trainin g session s durin g whic h subject s wer e expose d 
t o a  six-choic e S R T task .  Eac h .sessio n consiste d o f  2 0 block s 
of  15 0 trial s each ,  fo r  a  tota l  o f  30,00 0 trials .  Afte r  trainin g 
al l  subject s wer e expose d t o 3  blcKk s o f  a  generatio n tas k i n 
whic h the y wer e aske d t o predic t  th e locatio n a t  whic h th e 
nex t  stimulu s woul d appear .  O n eac h tria l  o f  th e S R T task ,  a 
stimulu s coul d appea r  a t  on e o f  si x position s arrange d 
horizontall y o n a  compute r  screen ,  an d subject s wer e t o pres s 
as fas t  an d a s accuratel y a s possibl e o n th e ke y correspondin g 

t o th e curren t  locatio n o f  th e stimulus .  Subject s wer e kep t 
unawar e tha t  th e materia l  wa s structure d sequentially .  T h e 
sequentia l  structur e o f  th e materia l  wa s manipulate d b y 
generatin g th e sequenc e base d o n a  nois y finite-stat e 
grammar ,  a s describe d below .  I n cue d blocks ,  a  cu e 
consistin g o f  a  cros s unde r  on e o f  th e si x stimulu s position s 
appeare d concurrentl y wit h th e stimulus .  Thi s cu e coul d 
eithe r  b e vali d o r  invalid .  I f  valid ,  i t  indicate d th e locatio n a t 
whic h th e nex t  stimulu s i n th e sequenc e woul d appear . 

Durin g generation ,  th e sam e stimulu s materia l  wa s 
presented ,  bu t  subject s wer e instructe d t o tr y t o predic t  th e 
nex t  stimulu s instea d o f  merel y reactin g t o th e curren t  one . 
No explici t  feedbac k wa s provide d durin g generatio n 
performanc e t o minimiz e within-generatio n learning . 

I n th e L o w Validit y (LV )  condition ,  eac h sessio n consiste d 
of  270 0 cue d trial s followe d b y 30 0 neutra l  trials .  C u e 
validit y wa s se t  a t  2 0 % .  I n th e Hig h Validit y ( H V )  condition , 
th e sam e desig n wa s use d bu t  cu e validit y wa s considerabl y 
highe r  (80%) .  Th e thir d conditio n ( 1 0 0 % validity ,  o r  H V I O O ) 
followe d a  somewha t  differen t  design :  Eac h o f  th e firs t  9 
session s consiste d o f  3(X) 0 trial s fo r  whic h cu e validit y wa s 
1 0 0 %,  an d th e final  sessio n consiste d exclusivel y o f  300 0 
neutra l  trials . 

Subjects 

Six subjects participated in each of the three experiments. 
Subject s wer e pai d abou t  $6 5 fo r  participatin g i n th e 
experiment ,  an d coul d ear n a n additiona l  bonu s o f  $3 4 t o $6 2 
base d o n performanc e i n th e S R T task . 

Apparatus and Display 

The experiment was run on Macintosh computers. The 
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 scree n an d separate d b y interval s o f  3  cm . 
Each scree n positio n corresponde d t o a  ke y o n th e computer' s 
keyboard .  Th e spatia l  configuratio n o f  th e key s wa s full y 
compatibl e wit h th e scree n positions .  Th e stimulu s wa s a 
smal l  blac k circl e 0.3 5 c m hig h tha t  appeare d o n a  whit e 
scree n background ,  centere d I  c m belo w on e o f  th e si x dots . 
Th e cu e wa s a  smal l  cros s (X )  appearin g a t  th e sam e 
location s a s th e stimuli .  Th e RS I  wa s 12 0 msec . 

Stimulus and cue generation 

Stimuli were generated based on the noisy finite-state 
grammar  illustrate d i n Figur e I ,  wit h a  smal l  proportio n o f 
rando m stimul i  (20% )  intersperse d wit h thos e derive d fro m 
th e grammar .  Learnin g i s assesse d b y compar in g 
performanc e o n stimul i  tha t  follo w th e rule s o f  th e gramma r 
versu s rando m stimuli .  A  tota l  o f  30,00 0 trial s wer e 
presente d t o eac h subject .  O n eac h trial ,  stimulu s generatio n 
proceede d i n thre e phases .  First ,  a n ar c comin g ou t  o f  th e 
curren t  nod e wa s randoml y selected ,  an d it s labe l  recorded . 
The curren t  nod e wa s se t  t o b e # 0 o n th e first  tria l  o f  an y 
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 ,  ther e wa s a  2 0 % chanc e o f 
substitutin g a  randoml y selecte d labe l  t o th e recorde d on e 
(identit y substitutions ,  a s wel l  a s an y substitutio n tha t  woul d 
resul t  i n a  stimulu s bein g repeate d o r  lega l  a t  th e curren t 
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Figur e 1 :  Finite-stat e gramma r  (fro m Jimene z & 
Cleeremans ,  1994 )  use d t o generat e tii e stimulu s 
material .  Not e tha t  th e firs t  an d las t  node s ar e 
one an d th e same . 

node, were not allowed). Third, the label was used to 
determin e th e scree n positio n a t  whic h th e stimulu s woul d 
appea r  b y followin g a  6  x  6  Lati n squar e design ,  s o tha t  eac h 
labe l  corresponde d t o eac h scree n positio n fo r  exactl y on e o f 
th e si x subject s i n eac h condition .  Not e tha t  eac h labe l 
appear s twic e i n th e g ramma r  an d m a y b e followe d b y 
differen t  successor s o n differen t  occurrences .  Maximall y 
reducin g th e uncertaint y associate d wit h eac h labe l  require s 
encodin g u p t o thre e element s o f  tempora l  context .  Cu e 
generatio n proceede d independently .  O n eac h trial ,  a  cu e 
correspondin g t o th e nex t  stimulu s wa s generated .  Thi s vaH d 
cu e coul d b e presente d o n al l  trial s o f  a  give n sessio n (firs t  9 
session s o f  th e H V l O O condition) ,  suppresse d entirel y 
(neutra l  block s o r  sessions )  o r  b e replace d b y a n invali d cu e 
i n eithe r  2 0 % ( H V condition )  o r  8 0 % (L V condition )  o f  th e 
trials .  Substitutio n consiste d o f  selectin g a  rando m locatio n 
fo r  th e cu e t o appea r  at ,  wit h th e constraint s tha t  thi s locatio n 
coul d b e neithe r  th e locatio n o f  th e curren t  stimulu s locatio n 
nor  tha t  o f  th e nex t  one . 

T o summarize ,  thi s generatio n procedur e result s i n si x 
type s o f  trial s define d b y crossin g th e Grammaticalit y 
(Grammatica l  o r  Non-Grammatical )  an d Cu e Validit y (Valid , 
Invalid ,  o r  Neutral )  factors .  A  particula r  tria l  wa s thu s 
categorize d a s "valid "  i f  th e locatio n a t  whic h th e stimulu s 
had appeare d o n tha t  tria l  ha d indee d bee n validl y prime d b y 
th e cu e tha t  ha d appeare d o n th e previou s trial .  Similarly ,  a 
give n tria l  wa s categorize d a s "grammatical "  i f  th e stimulu s 
tha t  ha d appeare d o n tha t  tria l  wa s consisten t  wit h th e 
generatio n rule s expresse d b y th e finite-state  grammar . 

Finally ,  not e tha t  th e sequenc e generatio n procedur e 
makes i t  impossibl e fo r  an y stimulu s t o b e involve d i n a 
direc t  repetitio n o f  itself .  Thi s guarantee s tha t  R T effect s ar e 
not  contaminate d b y short-ter m primin g effects ,  whic h hav e 
larg e facilitator y effect s o n performanc e tha t  ar e completel y 
independen t  fro m th e factor s o f  interes t  i n thi s research . 

Results and Discussion 

Figure 2 represents average RTs over the 10 sessions of 
trainin g an d fo r  eac h tria l  type ,  i n th e L V (lef t  panel) ,  H V 

(middl e panel )  an d H V l O O (righ t  panel ;  not e th e scal e 
difference )  conditions .  Conside r  first  th e dat a fo r  th e H V 
conditio n (middl e panel) .  I t  i s  obviou s tha t  cu e validit y ha s a 
larg e effec t  o n performance ,  a s R T s elicite d b y vali d trial s 
ar e considerabl y faste r  tha n thos e elicite d b y bot h neutra l  an d 
invali d trials .  Thi s patter n o f  result s indicate s tha t  subject s 
ar e indee d usin g th e cu e t o anticipat e th e locatio n a t  whic h 
th e nex t  even t  wil l  appea r  an d t o specificall y prepar e thei r 
respons e accordingly .  Despit e th e massiv e impac t  o f  cu e 
validity ,  smal l  effect s o f  grammaticalit y ar e als o presen t  a t 
al l  level s o f  cu e validity ,  an d see m t o hav e approximatel y th e 
same magnitud e i n eac h case .  Thes e impression s wer e 
confirme d b y a n A N O V A wit h Practic e (1 0 levels )  X 
Validit y (Valid ,  Invali d o r  Neutral )  X  Grammaticalit y 
(Grammatica l  vs .  Non-Grammatical )  a s factor s an d R T a s 
dependen t  variable .  Th e analysi s yielde d significan t  mai n 
effect s o f  Practic e [F(9 ,  45 )  =  27.389 ,  p  <  .001 ,  M S e = 
64494.037] ,  o f  Cu e Validit y [F(2 ,  10 )  =  162.385 ,  p  <  .001 , 
M Se =  1849184.178] ,  an d o f  Grammaficalit y  [F(l ,  5 ) 
=39.685 ,  p  <  .01 ,  M S e =  29322.225] ,  a s wel l  a s a  significan t 
interactio n betwee n Practic e an d C u e Validit y [F(18 ,  90 )  = 
8.680 ,  p  <  .001 ,  M S e =  7443.181] .  Ther e wa s n o significan t 
interactio n betwee n Cu e Validit y an d Grammaticalit y ( p > 
.05) . 

Overall ,  thes e result s sugges t  tha t  sensitivit y t o sequentia l 
structur e wa s no t  blocke d b y th e presenc e o f  th e cue ,  despit e 
th e fact s tha t  subject s (1 )  demonstrabl y us e th e cue ,  an d (2 ) 
tha t  th e cu e convey s considerabl y mor e reliabl e informatio n 
abou t  th e nex t  even t  tha n th e sequentia l  structur e does . 

Unsurprisingly ,  cu e validit y ha s a  muc h smalle r  impac t  o n 
performanc e i n th e L V conditio n (lef t  panel) :  Valid ,  invali d 
and neutra l  trial s elici t  simila r  R T s ove r  trainin g (wit h th e 
exceptio n o f  neutra l  trial s i n th e firs t  session ,  se e below) . 
Grammadcal  trial s a t  al l  level s o f  cu e validity ,  however , 
elici t  faste r  R T s tha n non-grammatica l  trials ,  jus t  a s i n th e 
H V condition .  Thus ,  subject s d o no t  appea r  t o us e th e 
unreliabl e cu e i n th e L V condition ,  relyin g instea d o n th e 
sequentia l  structur e t o optimiz e thei r  performanc e a t  th e task . 
Thi s analysi s wa s agai n confirme d b y a n A N O V A,  whic h 
produce d significan t  mai n effect s o f  Practic e [F(9 ,  45 )  = 
54.328 ,  p  <  .001 ,  M S e =  157235.027 ]  an d o f  Grammaticalit y 
[F(l ,  5 )  =  17.987 ,  p  <  .01 ,  M S e =  123839.803] .  Surprisingly , 
Cue Validit y wa s als o significan t  [F(2 ,  10 )  =  26.799 ,  p  < 
.001 ,  M S e =  14187.900 ]  an d interacte d wit h Practic e [F(18 , 
90 )  =  5.098 ,  p  <  .001 ,  M S e =  3479.17] .  Close r  examinatio n 
of  th e figur e reveal s tha t  thes e effect s ar e i n fac t  artifactual . 
Indeed ,  th e neutra l  trial s presente d durin g th e firs t  sessio n 
elici t  m u c h faste r  R T s tha n eithe r  vali d o r  invali d trials . 
However ,  thi s i s merel y a  resul t  o f  th e fac t  tha t  thes e trial s 
wer e presente d a t  th e en d o f  th e first  session .  Henc e the y 
benefi t  fro m previou s unspecifi c  trainin g o n th e othe r  trial s 
durin g th e first  session .  Thi s artifac t  i s  absen t  fro m th e 
subsequen t  sessions ,  an d analyse s tha t  exclud e th e first 
sessio n produc e no n significan t  effect s o f  C u e Validity . 
Finally ,  i n contras t  wit h th e H V data ,  th e A N O V A als o 
reveale d a  significan t  interactio n betwee n Grammaticalit y 
and Practic e [F(9 ,  45 )  =  3.311 ,  p  <  .01 ,  M S e =  601.642] . 

A furthe r  A N O V A o n th e dat a fro m bot h condition s 
reveale d significan t  mai n effect s o f  Practic e [F(9 ,  90 )  = 
80.780 ,  p  <  .001 ,  M S e =  210466.871] ,  o f  Cu e Validit y [F(2 , 
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Figur e 2 :  Reactio n time s fo r  th e L o w Validit y (lef t  panel) ,  Hig h Validit y (middl e panel )  an d 1 0 0 % Validit y (righ t 
panel )  conditions .  R T s ar e represente d separatel y fo r  vali d (squares) ,  invali d (circles) ,  an d neutra l  (triangles )  cues ,  a s 
wel l  a s fo r  grammatica l  (fille d symbols )  an d non-grammatica l  (ope n symbols )  trials . 

20 )  =155.355 ,  p  <  .001 ,  M S e =  925690.239] ,  an d o f 
Grammaticalit y [F(l ,  10 )  =  35.898 ,  p  <  .001 ,  M S e = 
136840.939] .  Conditio n faile d t o reac h significance .  Cu e 
validit y interacte d significantl y wit h Conditio n [F(2 ,  20 )  = 
157.367 ,  p  <  .001 ,  M S e =  937681.239] ,  bu t  no t 
Grammaticalit y ( p -  .0654) . 

To summariz e thes e data ,  subject s appea r  t o remai n 
sensitiv e t o th e sequentia l  structur e eve n whe n a  fa r  mor e 
reliabl e sourc e o f  informatio n i s availabl e t o anticipat e th e 
nex t  event .  Recal l  tha t  i n th e H V condition ,  th e cu e wil l 
reliabl y predic t  th e nex t  even t  i n 8 0 % o f  th e cases .  B y 
contrast ,  a  simpl e examinatio n o f  th e F S A illustrate d i n 
Figur e 2  show s tha t  eve n ful l  knowledg e o f  a  deterministi c 
versio n o f  th e gramma r  woul d onl y allo w fo r  abou t  5 0 % o f 
th e trial s t o b e correctl y anticipated ,  a s mos t  node s hav e tw o 
equiprobabl e outgoin g arcs . 

The fac t  tha t  neutra l  trial s wer e intersperse d throughout 
trainin g make s stron g inference s difficult ,  however .  I t 
remain s possibl e tha t  thes e trial s provide d enoug h trainin g 
fo r  subject s t o learnin g abou t  th e sequentia l  structur e o f  th e 
material . 

To tes t  thi s hypothesis ,  a  furthe r  conditio n wa s ru n i n 
whic h subject s wer e expose d exclusivel y t o vali d cue d trial s 
throughou t  th e firs t  9  sessions ,  an d subsequentl y transferre d 
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F i g u r e 3 :  Reac t io n t ime s fo r  g r a m m a t i c a l  (fille d 
symbols )  an d ungrammatica l  (ope n symbols ) 
neutra l  trial s presente d durin g th e las t  sessio n o f 
eac h th e thre e condition s (LV :  L o w validity ;  H V : 
Hig h Validity ;  HV lOO :  1 0 0 % vahdity) . 

t o a  fina l  sessio n consistin g exclusivel y o f  neutra l  trials .  Th e 
correspondin g dat a ar e presente d i n th e rightmost  pane l  o f 
Figur e 2 .  O n e ca n se e tha t  eve n thoug h grammatica l  an d 
ungrammatica l  trial s fai l  t o elici t  differen t  R T s throughou t 
training ,  a  significan t  differenc e o f  2 3 mse c [One-taile d t(4 ) 
= 2.79 ,  p  <  0.1 ]  reappear s i n th e las t  session . 

T o determin e whethe r  thi s differenc e coul d b e attribute d t o 
learnin g withi n th e las t  session ,  I  conducte d thi s analysi s 
agai n bu t  restricte d i t  t o th e first  30 0 trial s o f  thi s session . 
Th e differenc e betwee n grammatica l  an d ungrammatica l 
trial s n o w average d 30. 2 mse c an d wa s significan t  [One -
taile d t(4 )  =  -4.371 ,  p  <  0.1] .  Thi s suggest s tha t  subject s di d 
acquir e knowledg e abou t  th e sequentia l  structur e o f  th e 
materia l  durin g trainin g bu t  wer e unabl e t o expres s i t  becaus e 
of  th e presenc e o f  th e cue . 

Finally ,  Figur e 3  represent s reactio n time s t o grammatica l 
and ungrammatica l  neutra l  trial s durin g th e las t  session s o f 
al l  thre e conditions .  Th e figur e show s tha t  thes e difference s 
ten d t o b e ver y simila r  i n al l  thre e conditions .  A n A N O V A 
conducte d o n thes e dat a confirme d thi s impression ,  wit h a 
significan t  mai n effec t  o f  Grammaticalit y [F(l ,  15 )  -  45.844 , 
p <  .001 ,  M S e =  2976.250 ]  an d n o interactio n betwee n 
Grammaticalit y an d Conditio n ( p -  0.57) .  Overal l  then , 
subject s appea r  t o lear n abou t  th e sequentia l  structur e o f  th e 
materia l  regardles s o f  th e validit y o f  th e cue . 

Spac e limitation s preven t  a  ful l  treatmen t  o f  th e generatio n 
tas k data ,  bu t  subject s wer e consistentl y unabl e t o bette r 
predic t  grammatica l  element s ove r  ungrammatica l  elements . 
Thi s indicate s tha t  whateve r  knowledg e wa s acquire d ove r 
trainin g wit h th e R T tas k wa s o f  limite d us e i n helpin g 
subject s produc e explici t  predictio n responses . 

Simulation Results 

What kind of mechanism may account for these data? A 
natura l  startin g poin t  i s th e Simpl e Recurren t  Networ k ( S R N ) 
model  firs t  propose d b y Elma n (1990) ,  an d show n i n Figur e 
4 (insid e th e frame) .  Th e tas k o f  thi s back-propagatio n 
networ k i s t o predic t  th e nex t  elemen t  o f  a  sequenc e base d o n 
th e curren t  elemen t  an d o n a  representatio n o f  th e tempora l 
contex t  tha t  th e networ k ha s elaborate d itsel f  Ove r  training , 
th e network' s response s c o m e t o approximat e th e optima l 
conditiona l  probabilitie s associate d wit h eac h successo r  t o 
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th e curren t  context ,  an d ca n thus  b e interprete d a s 
representin g preparatio n fo r  th e nex t  event .  Previou s wor k 
(se e Cleereman s &  McClelland ,  1991 ;  Cleeremans ,  1993a , 
fo r  detaile d analysi s o t  bot h processin g i n suc h network s an d 

SRN (nex t  element ) 

: (  SRN CONTEXT )—• (  HIDDEN UNIT S ) (  HIDDEN UNIT S j 

(curren t  element )  (  CUE ) 

Figur e 4 :  Th e simpl e recurren t  networ k (framed ) 
augmente d wit h a n additiona l  pathwa y t o proces s 
cu e information . 

correspondence with human data) has shown that the SRN is 
abl e t o accoun t  fo r  abou t  8 0 % o f  th e varianc e i n S R T data . 

T o mode l  performanc e i n th e experiment s describe d abov e 
i t  i s  necessar y t o augmen t  th e S R N architectur e wit h 
mechanism s tha t  enabl e i t  t o proces s th e informatio n 
conveye d b y th e cue .  Ther e ar e severa l  differen t  way s o f 
doin g thi s accordin g t o whic h assumption s on e ha s abou t  th e 
way i n whic h learnin g abou t  th e cu e an d learnin g abou t  th e 
sequentia l  structur e o f  th e materia l  interact .  First ,  on e ma y 
assume tha t  processin g o f  th e cu e i s full y  independen t  fro m 
processin g o f  th e sequentia l  structure .  Thus ,  learnin g 
proceed s independentl y i n eac h processin g pathway ,  jus t  a s i f 
tw o separat e network s wer e traine d independently ,  an d 
informatio n conveye d b y eac h pathwa y i s onl y combine d a t 
respons e time . 

Second ,  on e m a y assum e tha t  learnin g o f  on e dimensio n 
interact s wit h learnin g o f  th e othe r  dimension .  Thi s i s th e 
cas e i n backpropagatio n architecture s wher e bot h pathway s 
fee d int o a  singl e outpu t  module .  Indeed ,  i n suc h arhitectures , 
th e pathwa y tha t  transmit s mor e informatio n wil l  ten d t o 
develo p large r  connectio n weight s an d exer t  a n increasingl y 
large r  influenc e o n performance ,  a t  th e expens e o f  th e othe r 
pathway . 

Th e networ k represente d i n Figur e 4  i s a n instanc e o f  thi s 
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latte r  clas s o f  models :  T h e S R N i s simpl y augmente d wit h a n 
additiona l  processin g pathwa y consistin g o f  inpu t  unit s t o 
represen t  th e cue .  Thes e unit s fee d int o a  se t  o f  hidde n unit s 
whic h ar e i n tur n connecte d wit h th e outpu t  units . 

T o asses s h o w wel l  thi s kin d o f  networ k w a s abl e t o 
accoun t  fo r  S R T performanc e i n thi s experiment ,  I  conducte d 
simulation s i n wh ic h th e m o d e l  w a s traine d o n th e s a m e 
materia l  a s h u m a n subject s an d fo r  th e s a m e n u m b e r  o f  trials , 
wit h th e parameter s use d b y C leereman s an d McClel lan d 
(1991) .  T h e networ k use 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 on e o f 
th e 6  stimul i  o r  cues) .  T o accoun t  fo r  short-ter m primin g 
effects ,  th e networ k use d dua l  connectio n weight s an d 
runnin g averag e activation s o n th e outpu t  units ,  a s describe d 
i n Cleereman s an d McClel lan d (1991) . 

T h e networ k w a s traine d t o predic t  eac h elemen t  o f  a 
continuou s sequenc e o f  stimul i  generate d i n exactl y th e sam e 
condition s a s fo r  h u m a n subjects .  O n eac h step ,  bot h a  labe l 
an d a  cu e wer e generate d a s describe d befor e an 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  unit s 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 ,  an d th e erro r  betwee 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 modi f y th e weights . 

Dur in g training ,  th e runnin g averag e activatio n o f  eac h 
outpu t  uni t  w a s recorde d o n ever y tria l  an d transforme d int o 
L u c e ratio s (Luce ,  1963 )  t o normaliz e th e responses .  Fo r  th e 
purpos e o f  c o m p a r i n g th e mode l ' s an d th e subject' s 
responses ,  I  assume d (1 )  tha t  th e normalize d runnin g averag e 
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 .  T h e network' s response s wer e subtracte d fro m 1. 0 
t o m a k e increase s i n respons e strengt h compatibl e wit h 
reductio n i n R T . 

T h e resultin g dat a ar e s h o w n i n Figure s 5  an d 6 .  O n e ca n 
se e tha t  th e model ' s per formanc e approximate s h u m a n 
performanc e quit e well ,  a t  leas t  qualitatively .  Indeed ,  jus t  a s 
h u m an subjects ,  th e m o d e l  appear s t o b e sensitiv e t o th e 
sequentia l  structur e o f  th e materia l  a t  al l  level s o f  cu e 
validit y i n al l  thre e conditions .  T h e relativ e siz e o f  th e 
difference s betwee n performanc e o n neutra l  trial s durin g th e 
las t  sessio n o f  eac h o f  th e thre e condition s i s  als o wel l 
preserve d i n th e simulation s (Figur e 6 ) . 
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F igur e 5 :  Simulate d S R N response s (se e tex t  fo r  details )  fo r  th e L o w Validit y (lef t  panel) .  H ig h Validit y (middl e panel )  an d 
1 0 0 % Validit y (righ t  panel )  conditions .  Response s ar e represente d separatel y fo r  vali d (squares) ,  invali d (circles) ,  an d neutra l 
(triangles )  cues ,  a s wel l  a s fo r  grammatica l  (fille d symbols )  an d non-grammatica l  (ope n symbols )  trials . 
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Figur e 6 :  Simulate d S R N response s (se e tex t  fo r 
details )  fo r  grammatica l  (fille d symbols )  an d 
ungrammatica l  (ope n symbols )  neutra l  trial s 
presente d durin g th e las t  sessio n o f  eac h th e 
thre e condition s (LV :  L o w validity ;  H V :  Hig h 
Validity ;  HVlOO :  1 0 0 % validity) . 

Note however that there are also discrepancies. In 
particular ,  th e mode l  fail s  t o accoun t  fo r  unspecifi c  practic e 
effects ,  tha t  is ,  change s i n reactio n time s tha t  d o no t  resul t 
specificall y fro m th e presenc e o f  sequentia l  structure .  Thi s i s 
a flaw  share d b y previou s version s o f  th e S R N model ,  bu t 
one tha t  i s no t  crucia l  t o th e argument s develove d i n thi s 
paper . 

Work i n progres s i s aime d a t  contrastin g thes e result s wit h 
thos e produce d b y architecture s i n whic h th e tw o processin g 
pathway s ar e traine d completel y independently . 

Conclusion 

In this paper I presented three experiments aimed at 
explorin g t o wha t  exten t  implici t  learnin g o f  sequentia l 
structur e i n R T task s proceed s independentl y o f  th e 
availabilit y  o f  explici t  knowledg e abou t  th e stimulu s 
material .  B y contras t  t o standar d dual-tas k procedure s tha t 
hav e bee n use d i n th e pas t  t o explor e thi s issue ,  I  use d a  dual -
stimulu s settin g wher e o n eac h trial ,  subject s wer e expose d t o 
bot h th e curren t  stimulu s an d t o a  cu e o f  varyin g validit y tha t 
indicate d wher e th e nex t  stimulu s woul d appear .  Th e result s 
indicate d tha t  eve n i n condition s wher e th e cu e wa s a  muc h 
bette r  sourc e o f  informatio n abou t  th e nex t  event ,  subject s 
stil l  seeme d t o b e sensitiv e t o th e sequentia l  structur e o f  th e 
material .  Henc e acquisitio n o f  sequentia l  structur e ca n 
procee d eve n i n condition s wher e vastl y superio r  an d full y 
explici t  source s o f  informatio n abou t  relevan t  tas k 
informatio n ar e available . 

However ,  simulatio n wor k usin g a  mode l  base d o n th e 
Simpl e Recurren t  Networ k indicate d tha t  thes e result s als o 
obtai n i n architecture s wher e th e tw o processin g pathway s 
(sequentia l  structur e —•  nex t  event ,  an d cu e - •  nex t  event )  ar e 
not  full y  independent .  Thi s suggest s tha t  preserve d learnin g 
alon g on e dimensio n doe s no t  necessaril y  entai l  tha t  th e 
underlyin g structure s ar e themselve s full y independent . 

Furthe r  empirica l  researc h an d modelin g wor k i s neede d t o 
increas e ou r  understandin g o f  th e relationshi p betwee n 
performanc e an d underlyin g processin g modules ,  bu t  th e 
empirica l  dat a clearl y sugges t  tha t  implici t  learnin g o f 
sequentia l  structur e i s a  resilien t  proces s tha t  i s littl e sensitiv e 

t o th e availabilit y  o f  other ,  mor e reliable ,  an d full y explici t 
source s o f  informatio n abou t  th e stimulu s material . 
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