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Statistica l  L e a r n i n g o f  V i s u o m o t o r  S e q u e n c e s : 

Implici t  Acquisit io n o f  Sub-pat tern s 

Ruski n H .  Hun t  (ruskin@bcs.rochester.edu ) 
Dept .  o f  Brai n an d Cognitiv e Sciences ,  Melior a Hal l 

Universit y o f  Rochester ,  Rochester ,  N Y 1462 7 

Richard N. Aslin (aslin@cvs.rochester.edu) 

Dept .  o f  Brai n an d Cognitiv e Sciences ,  MeUor a Hal l 
Universit y o f  Rochester ,  Rochester ,  N Y 1462 7 

Abs t rac t 

A visuospatial reaction time task was used to gain an on-
lin e measur e o f  learnin g a s subject s responde d manuall y t o 
string s o f  stimul i  containin g embedde d transitiona l 
probabilities .  W e hypothesize d tha t  item s withi n a 
stimulu s sequenc e tha t  hav e lo w transitiona l  probabilitie s 
wil l  b e learne d mor e slowl y tha n item s tha t  hav e hig h 
transitiona l  probabilities .  Subject s wer e instructe d t o mak e 
butto n pres s response s t o stimulu s string s compose d o f 
sequence s o f  lights .  Item s i n th e string s wer e organize d 
int o triplets ,  wit h a  lo w averag e transitiona l  probabilit y 
fo r  th e firs t  ite m i n a  triplet ,  an d transitiona l  probabilitie s 
of  1. 0 fo r  th e secon d an d thir d items .  Result s indicat e tha t 
learnin g i s poore r  fo r  stimulu s item s wit h lo w transitiona l 
probabilitie s tha n fo r  stimulu s item s wit h hig h transitiona l 
probabilities .  Thi s wor k tie s togethe r  a  numbe r  o f  previou s 
investigation s o f  sequenc e learning ,  an d ha s implication s 
fo r  ho w mor e complicated ,  hierarchicall y structure d 
sequentia l  input ,  suc h a s language ,  ma y b e learned . 

Introduction 

Sequenc e learnin g i s o f  interes t  t o cognitiv e scientist s 
becaus e o f  th e wid e variet y o f  h u m a n experience s an d 
behavior s tha t  ar e seria l  i n nature ,  suc h a s languag e 
productio n an d comprehension ,  comple x moto r  tasks ,  an d 
perceptio n o f  sequentia l  regularitie s i n th e environment . 
Despit e th e obviou s conceptua l  link s betwee n studie s o f 
sequentia l  moto r  learnin g an d language ,  thes e literature s 
hav e rarel y intersected .  Studie s o f  artificia l  languag e learnin g 
(e.g. ,  Braine ,  1963 ;  Morgan ,  Meie r  &  Newport ,  1987 )  hav e 
typicall y involve d comple x grammatica l  rule s an d shor t 
string s o f  element s (visua l  and/o r  auditory) .  Subject s ar e 
expose d t o grammatica l  string s an d the n teste d fo r  thei r 
knowledg e o f  th e underlyin g rules .  I n contrast ,  studie s o f 
sequentia l  moto r  learnin g (e.g. ,  Cleereman s &  McClelland , 
1991 )  hav e utilize d reactio n tim e (RT )  measure s t o 
investigat e improvement s ove r  tim e an d exposure ,  a s wel l  a s 
th e relationshi p betwee n sequentia l  dependencie s an d moto r 
performance .  O f  specia l  interes t  i s  th e implici t  natur e o f 
s o me form s o f  sequenc e learning ,  i n whic h subject s ar e 
unabl e t o describ e th e underlyin g structur e o f  a  comple x 
patter n o f  seria l  input s despit e clea r  evidenc e tha t  thi s 
structur e ha s bee n learned . 

I n a n exampl e o f  learnin g base d o n a  fairl y arbitrary , 
artificia l  g ramma r  (i.e. ,  on e tha t  doe s no t  reflec t  m a n y o f  th e 

subtl e complexitie s o f  natura l  languages) ,  Rebe r  (1967 ) 
presente d subject s wit h string s o f  visua l  stimul i  organize d 
accordin g t o a  finit e slat e grammar .  Th e string s consiste d o f 
printe d item s presente d simultaneously ,  rathe r  tha n 
sequentially ,  wit h eac h strin g generate d b y a  singl e pas s 
throug h th e grammar .  Rebe r  demonstrate d tha t  subject s 
expose d t o string s generate d b y suc h a  finite  stat e gramma r 
ca n discriminat e grammatica l  fro m non-grammatica l  tes t 
strings .  Not e tha t  Reber' s us e o f  a  finite  stat e gramma r  t o 
generat e thes e string s introduce d variabilit y i n th e learnin g 
set  tha t  wa s considerabl y greate r  tha n tha t  presente d i n som e 
seria l  R T task s (e.g. ,  Cohen ,  Ivr y &  Keele ,  1990) ,  bu t 
considerabl y les s tha n th e variabilit y  foun d i n natura l 
language s o r  th e stimul i  use d b y othe r  researcher s (e.g. , 
Morgan ,  Meie r  &  Newport ,  1987) . 

Subsequently ,  Rebe r  (1969 )  foun d tha t  changin g th e 
specifi c  symbol s use d i n tes t  string s produce d littl e o r  n o 
interferenc e i n a  transfe r  task ,  wherea s changin g th e "rules " 
of  th e gramma r  did .  H e argue d tha t  wha t  subject s ha d 
become sensitiv e t o wa s no t  th e orde r  o f  specifi c  sequence s 
of  symbols ,  bu t  rathe r  thei r  underlyin g grammatica l 
structure .  Finally ,  Rebe r  (1976 )  foun d tha t  learner s wh o 
wer e informe d tha t  ther e wa s som e kin d o f  structur e i n th e 
inpu t  an d wer e encourage d t o find  i t  performe d les s wel l  o n a 
grammaticalit y judgmen t  tas k tha n di d learner s w h o wer e 
give n neutra l  instructions .  Thes e result s wer e interprete d a s 
evidenc e o f  a n interferenc e effect ,  produce d b y a n explici t 
searc h fo r  rules ,  whic h le d t o th e formatio n o f  fals e 
hypothese s abou t  th e underlyin g structur e o f  th e input . 

Othe r  researcher s hav e utilize d stimul i  containin g fa r  les s 
interna l  variabilit y  tha n stimul i  generate d fro m finite  stat e 
grammar s o f  th e typ e use d b y Reber .  Fo r  example ,  Cohen , 
Ivry ,  an d Keel e (1990 )  use d a  R T paradig m i n whic h short , 
fixed  sequence s wer e cycle d repeatedl y t o asses s th e subject' s 
abilit y t o for m association s betwee n item s i n th e sequence , 
as indicate d b y faste r  R T s ,  whil e the y simultaneousl y 
performe d a  distractio n task .  Subject s use d th e fingers  o f  on e 
han d t o pres s button s correspondin g t o location s o n a 
compute r  scree n wheneve r  a n indicato r  appeare d a t  a  give n 
button' s locatio n o n th e screen .  Individua l  stimul i  wer e 
presente d seriall y  a s rapidl y a s th e subjec t  responded . 

Cohen ,  Ivry ,  an d Keel e (1990 )  reporte d tha t  whe n thes e 
fixed,  repeate d sequence s wer e constructe d wit h uniqu e 
association s betwee n sequenc e element s (e.g. ,  15243) , 
subject s coul d no t  onl y lear n th e sequences ,  bu t  coul d als o 
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do s o i n th e presenc e o f  a  distractio n task .  Moreover , 
subject s develope d onl y a n incomplet e explici t 
representatio n o f  th e sequentia l  structur e o f  th e stimuli . 
However ,  whe n sequence s containe d multipl e association s 
among element s becaus e o f  repetitio n an d change s o f 
positio n withi n a  sequenc e (e.g. ,  132312) ,  the y wer e no t 
learne d i n th e presenc e o f  a  distractio n task .  Thus ,  i t  seem s 
clea r  tha t  i n simpl e seria l  R T task s (i.e. ,  thos e wit h uniqu e 
association s betwee n sequenc e elements )  involvin g a  smal l 
number  o f  items ,  learnin g ca n occu r  despit e distracto r 
interferenc e an d wit h littl e consciou s awarenes s o f  th e 
sequentia l  structure . 

Cleereman s an d McClellan d (1991 )  combine d th e us e o f 
finite  stat e grammar s an d R T measure s t o evaluat e th e 
implici t  learnin g o f  comple x visuospatia l  sequences .  A s i n 
Cohen,  Ivry ,  an d Keel e (1990) ,  subject s wer e presente d wit h 
a positio n indicato r  o n a  compute r  scree n an d responde d b y 
pressin g th e appropriat e ke y o n a  keyboard .  Stimul i  wer e 
generate d fro m a  finite  stat e grammar ,  wit h th e adde d featur e 
tha t  ther e wa s a  15 % chanc e o f  a  randoml y selecte d successo r 
ite m bein g substitute d a t  an y poin t  i n a  give n sequence . 
Thi s sourc e o f  nois e serve d t o preven t  memorizatio n o f  th e 
inpu t  sequence s (whic h wer e maximall y 5  item s i n length ) 
and allowe d fo r  analyse s o f  multipl e sequentia l  dependencie s 
(e.g. ,  R T t o ite m 5  give n ite m 4 ,  give n item s 3  an d 4 , 
give n item s 2 ,  3 ,  an d 4 ,  etc.) .  Subject s produce d faste r  RT s 
t o grammatica l  sequence s tha n t o non-grammatica l 
sequences ,  an d RT s benefite d fro m th e cumulativ e 
predictivenes s o f  th e precedin g context .  A s i n Cohen ,  Ivry , 
and Keele' s (1990 )  experiment ,  subject s reporte d onl y 
limite d knowledg e o f  th e sequentia l  structur e o f  th e stimuli . 
They als o indicate d tha t  the y di d no t  tr y t o us e tha t 
knowledg e durin g trainin g becaus e doin g s o tende d t o 
produc e mor e error s an d slowe r  responses .  Th e author s 
conclude d tha t  explici t  knowledge ,  i f  present ,  playe d a 
minima l  rol e i n th e learnin g process . 

One o f  th e advantage s o f  usin g probabilisti c  sequences , 
such a s thos e generate d b y a  finite  stat e grammar ,  i s  tha t 
the y ar e sufficientl y variabl e t o minimiz e th e likelihoo d o f 
memorization .  I n contrast ,  deterministi c sequences ,  whic h 
have a  fixed  order ,  ma y b e memorize d i f  the y ar e fewe r  tha n 
te n item s long ,  eve n withou t  th e massiv e amoun t  o f 
exposur e require d t o exhibi t  learnin g o f  completel y 
probabilisti c  sequences .  A n alternativ e i s t o generat e stimul i 
tha t  ar e simpl e enoug h t o lear n i n fewe r  tha n th e 60,00 0 
trial s use d b y Cleereman s an d McClellan d (1991) ,  bu t 
comple x enoug h tha t  subject s ar e no t  likel y t o develo p 
explici t  representation s o f  th e sequenc e structur e whe n ther e 
i s n o distractio n task . 

Recent  wor k b y Saffran ,  Newport ,  an d Asli n (1996 )  an d 
Saffran ,  Aslin ,  an d Newpor t  (1996 )  use d sequence s wit h 
bot h deterministi c an d probabilisti c  propertie s t o stud y wor d 
segmentatio n fro m fluen t  speech .  Continuou s sequence s o f 
consonant-vowe l  (CV )  syllables ,  rangin g i n duratio n fro m 2 -
7 minutes ,  wer e constructe d b y concatenatin g syntheti c 
speec h syllable s accordin g t o a  simpl e se t  o f  deterministi c 
and probabilisti c  "rules. "  Th e entir e sequenc e consiste d o f 
rando m ordering s o f  fou r  o r  si x "words" ,  wher e eac h wor d 
was compose d o f  thre e C V syllables .  Eac h wor d consiste d o f 
a uniqu e trisyllabi c string ,  althoug h som e o f  th e syllable s 

occurre d i n mor e tha n on e wor d i n th e Saffran ,  Newport ,  an d 
Asli n (1996 )  stud y o f  adults .  I n th e Saffran ,  Aslin .  an d 
Newpor t  (1996 )  stud y o f  8-month-ol d infants ,  eac h syllabl e 
occurre d i n onl y on e word .  Th e coherenc e o f  syllabl e string s 
withi n word s an d th e unpredictabilit y  o f  wor d ordering s 
enable d bot h adult s an d infant s t o grou p syllable s an d 
segment  word s fro m th e continuou s strea m o f  speech . 

Usin g simila r  artificia l  languag e corpora ,  subsequen t 
researc h ha s show n tha t  wor d segmentatio n ca n procee d 

implicitl y  i n adult s an d 7- 8 yea r  ol d childre n (Saffran , 
Newport ,  Aslin ,  Tunic k &  Barrueco ,  1997) ,  an d tha t  8 -
month-ol d infant s ca n segmen t  word s fro m fluen t  speec h 
based solel y o n th e transitiona l  probabilitie s o f  successiv e 
CV syllable s withi n th e languag e corpu s (Aslin ,  Saffra n & 
Newport ,  1998) .  Transitiona l  probabilities ,  define d a s th e 
frequenc y i n th e corpu s o f  ite m Y  give n X  divide d b y th e 
frequency  o f  ite m X ,  wer e hig h fo r  syllable-pair s withi n 
word s an d lo w fo r  syllable-pair s spannin g a  wor d boundary . 
Sensitivit y t o th e peak s an d trough s i n syllable-pai r 
transitiona l  probabilitie s i s apparentl y sufficien t  fo r  bot h 
infant s an d adult s t o grou p successiv e syllable s an d 
recogniz e the m a s relativel y familia r  i n a  post-exposur e test . 
One limitatio n o f  thi s post-familiarizatio n tes t  paradigm , 
however ,  i s  tha t  i t  doe s no t  provid e a n on-lin e measur e o f 
th e learnin g process . 

I n th e presen t  study ,  w e use d a  seria l  R T tas k t o asses s th e 
time-cours e o f  learnin g whe n stimul i  wer e structure d lik e th e 
trisyllabi c word s use d i n th e studie s o f  Saffra n an d 
colleagues .  Th e fundamenta l  differenc e betwee n ou r  paradig m 
and tha t  o f  Cleereman s an d McClellan d (1991 )  i s tha t  ou r 
sequence s ar e generate d usin g bot h probabilisti c ai d 
deterministi c mechanisms ,  wherea s their s ar e entirel y 
probabilistic .  Ou r  visuospatia l  stimulu s sequence s wer e 
composed o f  unit s analogou s t o words ,  withi n whic h 
transitiona l  probabilitie s wer e perfecd y predictiv e (1.0) , 
wherea s th e rando m orderin g o f  thes e word s rendere d th e 
stimulu s tha t  followe d eac h wor d muc h les s predictabl e 
(transitiona l  probabilitie s average d 0.37) .  Ou r  us e o f  a  R T 
methodolog y provide s u s wit h a n on-lin e metri c o f 
improvemen t  throughou t  th e learnin g phas e o f  th e 
experimen t  fo r  eac h typ e o f  transitiona l  probability ,  thu s 
avoidin g th e limitation s o f  a  post-familiarizatio n testin g 
phase .  Moreover ,  ou r  stimulu s sequence s wer e mor e 
comple x tha n thos e fro m th e studie s tha t  use d fixed  stimulu s 
sequences ,  bu t  no t  a s variabl e a s thos e fro m th e studie s tha t 
generate d stimulu s sequence s usin g finite  stat e grammars . 
Finally ,  th e us e o f  a  visuospatia l  R T tas k o f  moderat e 
complexity ,  wit h n o instruction s t o th e subjec t  abou t  th e 
"rules "  o f  th e embedde d sequences ,  suggeste d tha t  an y 
learnin g woul d likel y b e implicit .  W e predicte d tha t  i f  ou r 
assumption s abou t  th e natur e o f  learnin g i n thi s paradig m 
were correct ,  RT s woul d declin e faste r  fo r  stimulu s element s 
wit h hig h transitiona l  probabilitie s tha n fo r  stimulu s 
element s wit h lo w transitiona l  probabilities . 

Method 

To obtai n a n on-lin e measur e o f  sequenc e learning ,  w e 
constructe d a  button-bo x capabl e o f  recordin g R T response s 
t o visuospatia l  sequence s tha t  varie d i n transitiona l 
probability . 
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A p p a r a t u s 

Th e button-bo x wa s buil t  aroun d a n Appl e Quadr a 65 0 
microcompute r  an d a  hardware/softwar e interfac e (designe d 
by Jame s R .  Sawusc h a t  th e Speec h Researc h Laboratory , 
Stat e Universit y o f  N e w Yor k a t  Buffalo )  fo r  presentin g 
compute r  controlle d stimul i  an d recordin g responses .  Specia l 
hardwar e timer s i n th e interfac e allowe d response s t o b e 
recorde d wit h millisecon d accuracy . 

T o allo w subject s t o interac t  wit h th e computer ,  w e 
designe d a  respons e bo x wit h lighte d buttons .  Th e button s 
wer e house d i n a n aluminu m bo x whos e dimension s wer e 1 0 
X 1 7 X  2  inches .  Th e button s wer e 3/ 4 inc h i n diameter ,  red , 
and th e entir e butto n surfac e wa s illuminate d whe n stimul i 
wer e presented .  Seve n button s wer e arrange d i n a  semicircl e 

wit h a  five-inch  radius ,  wit h a n eight h butto n positione d a t 
th e cente r  o f  th e bas e o f  th e semicircle .  Th e eight h butto n 
serve d a s a  locatio n fo r  a  "home "  orientin g respons e prio r  t o 
th e onse t  o f  eac h stimulus . 

Figur e 1 :  Button-bo x layout . 

Stimuli 

Stimul i  consiste d o f  pair s o f  simultaneousl y illuminate d 
lights .  W e use d pair s o f  light s becaus e th e seve n button s i n 
th e semi-circl e di d no t  provid e a  sufficien t  numbe r  o f  uniqu e 
visuospatia l  stimul i  t o creat e a  comple x sequenc e wit h 
highl y differentiate d transitiona l  probabilities .  B y usin g 
pair s o f  th e seve n non-"home "  buttons ,  twenty-on e uniqu e 
pair s o f  light s coul d b e presente d i n th e semicircle . 

Not e tha t  fo r  convenience ,  w e wil l  adop t  terminolog y 
analogou s t o tha t  use d b y Saffran ,  Aslin ,  an d Newpor t 
(1996 )  t o describ e a  continuou s sequenc e o f  trisyllabi c 
words .  Thus ,  i n th e presen t  study ,  "syllable "  refer s t o a 
singl e pai r  o f  lights ,  an d "word "  refer s t o a  fixed  sequenc e o f 
thre e pair s o f  lights . 

By convention ,  th e button s i n th e semicircl e wer e 
numbere d fro m lef t  t o right ,  an d Figur e 2  illustrate s th e 
button-pai r  tha t  wa s illuminate d simultaneousl y fo r  a 
particula r  syllabl e (2 ,  4) . 

o 
"Home" 

O 6 

O 

The twenty-on e uniqu e "syllables "  (pair s o f  lights )  wer e 
organize d int o seve n uniqu e "words "  (triplet s o f  pairs) . 
Withi n eac h wor d n o individua l  butto n wa s lighte d mor e 
tha n onc e (t o contro l  fo r  repetitio n effects) .  Thus ,  withi n a 
word ,  si x o f  th e seve n button s wer e li t  a t  som e poin t  a s pa n 
of  th e word' s componen t  syllables .  Word s wer e randoml y 
sequence d int o block s o f  seven ,  wit h th e constrain t  tha t  eac h 
wor d ha d t o occu r  onc e withi n an y give n bloc k (t o equat e 
frequenc y o f  exposur e acros s blocks) .  Te n block s wer e the n 
concatenate d int o a  singl e 70-wor d session ,  wit h th e 
constrain t  tha t  word s coul d no t  repea t  a t  th e edge s o f  block s 
(again ,  t o contro l  fo r  repetitio n effects) .  Th e stimul i  wer e 
the n presente d a s a  singl e continuou s sequenc e o f  events . 
Subject s too k par t  i n eigh t  70-wor d session s durin g th e 
cours e o f  one ,  hour-lon g trainin g period ,  wit h 1- 2 minut e 
res t  break s betwee n sessions .  Si x 8-sessio n trainin g period s 
wer e conducte d ove r  th e cours e o f  si x consecutiv e days , 
yieldin g a  tota l  o f  4 8 session s fo r  eac h subject . 

Th e organizatio n o f  word s use d i n th e experimen t  i s 
show n i n Tabl e 1 .  Eac h subjec t  wa s assigne d on e o f  thes e 
"codes "  fo r  syllable s an d word s fo r  al l  session s o f  th e 
experiment .  Word s wer e the n randoml y sequence d int o 
blocks ,  an d block s concatenate d t o for m session s separatel y 
fo r  eac h subject ,  a s outline d earlier . 

Table 1: Unique triplets of button pairs. 

Word Syllable-Butto n Pair s 

Assignmen t  O n e 
A (2 ,  4 )  (3 ,  7 )  (5 ,  6 ) 
B (4,7 )  (1,6 )  (3,5 ) 
C (1,5 )  (3,4 )  (2,6 ) 
D (6,7 )  (2,5 )  (1,3 ) 
E (4,6 )  (1,2 )  (5,7 ) 
F (1,4 )  (2,7 )  (3,6 ) 
G (2,3 )  (1,7 )  (4,5 ) 

Assignmen t  T w o 
A' 
B' 
C 
D-
E' 
F' 
G" 

(3,4 )  (1,7 )  (2,5 ) 
(3,6 )  (2,4 )  (1,5 ) 
(5 ,  6 )  (4 ,  7 )  (2 .  3 ) 
(5,7 )  (2.6 )  (1.4 ) 
(2,7 )  (1,3 )  (4.6 ) 
(1,6 )  (4,5 )  (3,7 ) 
(1,2 )  (3,5 )  (6,7 ) 

Figur e 2 :  Syllabl e stimulu s pai r  (2 ,  4) . 

Usin g on e o f  thes e tw o scheme s t o creat e a  continuou s 
sequenc e o f  button-pairs ,  th e transitiona l  probabilitie s 
withi n word s (i.e. ,  betwee n th e first  an d secon d syllable s an d 
betwee n th e secon d an d thir d syllables )  ar e 1.0 .  Tha t  is , 
becaus e bot h th e identit y an d orde r  o f  syllable s withi n word s 
ar e fixed,  th e las t  tw o syllable s o f  an y wor d ar e completel y 
predictabl e afte r  th e first  syllabl e o f  a  give n wor d ha s bee n 
presented .  Th e secon d an d thir d syllable s always ,  an d only , 
follo w th e first  syllabl e o f  a  give n wor d wheneve r  i t  appear s 
i n th e sequentia l  corpus .  However ,  a t  th e boundarie s betwee n 
words ,  th e transitiona l  probabilitie s ar e muc h lowe r  becaus e 
of  th e rando m orderin g o f  word s withi n blocks ,  s o tha t  ther e 
i s a n average  probabilit y  o f  0.3 7 tha t  th e thir d syllabl e o f  a 
wor d wil l  b e followe d b y th e firs t  syllabl e o f  anothe r  word . 
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Subject s 

Subject s wer e nin e Universit y o f  Rocheste r  undergraduate s 
(thre e male ,  si x female) .  Subject s wer e pai d fo r  thei r 
participation ,  althoug h paymen t  wa s no t  use d a s a  motivato r 
t o improv e performanc e durin g th e experiment .  O n e subjec t 
was left-handed ,  an d al l  subject s eithe r  ha d good ,  uncorrecte d 
visio n o r  wor e correctiv e lense s durin g th e experiment . 

Procedure 

Subject s wer e comfortabl y seate d i n a  soun d attenuate d 
room ,  wit h th e button-bo x place d o n thei r  lap .  Subject s 
wer e instructe d t o pus h button s onl y wit h thei r  preferre d 
han d an d t o stead y th e bo x wit h thei r  othe r  hand .  A t  th e star t 
of  a n experimenta l  session ,  al l  o f  th e button s wer e 
illuminate d fo r  on e secon d t o indicat e tha t  th e sessio n wa s 
abou t  t o begin ,  afte r  whic h al l  th e light s wer e extinguishe d 
excep t  fo r  th e "home "  butto n (se e Figur e 2) .  Subject s wer e 
instructe d t o pres s an d hol d th e "home "  butto n unti l  a  pai r  o f 
button s (correspondin g t o a  syllable )  i n th e semicircl e wa s 
illuminated .  W h e n th e syllabl e button-pai r  wa s illuminated , 
th e "home "  butto n wa s simultaneousl y extinguished . 

Subject s wer e informe d tha t  th e experimen t  involve d R T s , 
but  n o mentio n wa s mad e o f  learnin g o r  o f  pattern s 
embedded i n th e sequentia l  stimuli .  Subject s wer e instructe d 
simpl y t o pres s th e illuminate d pai r  o f  button s a s rapidl y a s 
possibl e whil e maintainin g hig h accuracy .  The y wer e tol d 
tha t  th e orde r  i n whic h the y presse d th e button-pair s wa s 
unimportant ,  but  tha t  th e button s shoul d b e presse d i n 
successio n (t o avoi d an y tendenc y t o simultaneousl y pres s 
tw o adjacentl y li t  buttons) .  Bot h button s i n th e pai r 
remaine d illuminate d unti l  tw o button s i n th e semicircl e ha d 
been pressed .  A t  tha t  point ,  regardles s o f  whic h tw o button s 
had bee n pressed ,  th e illuminate d button-pai r  wa s 
extinguishe d an d th e "home "  butto n wa s simultaneousl y 
illuminated .  Th e subjec t  returne d t o th e "home "  butto n b y 
pressin g i t  an d holdin g i t  d o w n unti l  th e onse t  o f  th e nex t 
stimulu s pai r  (syllable) .  Afte r  returnin g t o th e "home " 
button ,  ther e wa s a  100m s dela y befor e th e onse t  o f  th e nex t 
stimulu s pair .  Thi s dela y perio d wa s include d t o preven t 
subject s fro m leavin g th e "home "  butto n prematurely ,  whic h 
woul d hav e resulte d i n artificiall y  shor t  RTs .  I f  th e subjec t 
anticipate d th e nex t  stimulu s b y releasin g th e "home "  butto n 
befor e illuminatio n o f  th e stimulu s pair ,  th e stimulu s pai r 
was no t  illuminated .  I n suc h cases ,  th e subjec t  wa s require d 
t o retur n t o th e "home "  button ,  th e dela y perio d wa s 
reinitiated ,  an d i f  th e subjec t  correctl y delaye d releas e o f  th e 
"home "  button ,  th e sam e stimulu s pai r  tha t  woul d hav e bee n 
presente d durin g th e previousl y aborte d even t  wa s 
illuminated .  N o feedbac k wa s give n t o subject s a t  an y poin t 
durin g th e six-da y trainin g period .  Subject s wer e give n a  free 
recal l  tes t  prio r  t o bein g debriefe d afte r  th e final  session . 

Data Collection 

RT dat a wer e collecte d throughou t  eac h sessio n b y recordin g 
th e sequenc e o f  al l  butto n presses .  Bot h butto n positio n (1 -
7)  an d R T wer e recorde d fo r  th e first  respons e t o a  stimulu s 
pai r  (syllable) ,  wherea s onl y butto n positio n wa s recorded 
fo r  th e secon d response .  A  tota l  o f  10,08 0 R T measurement s 
wer e possibl e acros s th e entir e si x day s o f  th e experimen t  fo r 

eac h subject .  I f  th e subjec t  presse d a n unilluminate d button , 
eithe r  a s a  first  o r  secon d butto n press ,  th e respons e wa s 
counte d a s a n erro r  an d th e R T fo r  tha t  stimulu s presentatio n 
was discarded .  Subjects '  erro r  rate s wer e belo w thre e percent . 

Subject s wer e classifie d a s implici t  learners ,  explici t 
learners ,  an d non-learner s base d o n R T an d fre e recal l 
pertbrmance .  First ,  fo r  individua l  subjects ,  m e a n reactio n 
time s wer e calculate d fo r  eac h syllabl e withi n eac h sessio n 
fo r  th e las t  eigh t  sessions .  Subject s w h o demonstrate d n o 
differenc e i n reactio n tim e (paire d t-test ,  p  <  .05 )  withi n th e 
las t  eigh t  session s betwee n syllabl e 1  an d syllabl e 2  o r 
betwee n syllabl e 1  an d syllabl e 3  wer e deeme d no t  t o hav e 
learne d th e underlyin g structur e o f  th e input ,  wer e classifie d 
as non-learners ,  an d wer e exclude d fro m th e result s ( N =  1) . 
Second ,  whe n subject s ha d complete d th e final  (48th ) 
session ,  bu t  prio r  t o bein g debriefe d abou t  th e detail s o f  th e 
experiment ,  the y wer e aske d i f  the y ha d an y genera l 
impression s abou t  th e natur e o f  th e task .  Al l  subject s w h o 
showe d R T evidenc e o f  learnin g indicate d tha t  the y though t 
the y occasionall y notice d pattern s i n th e wa y th e pair s o f 
light s wer e presented .  The y wer e aske d t o writ e d o w n an y 
pattern s the y though t  the y coul d remember ,  an d wer e give n 
fre e acces s t o th e button-bo x whil e doin g so .  Thi s wa s use d 
as a  measur e o f  explici t  knowledge .  W e tallie d eac h subject' s 
recal l  o f  correc t  sequence s o f  syllable s fo r  par t  word s 
(sequence s o f  tw o button-pairs )  an d ful l  word s (sequence s o f 
thre e pairs) .  Subject s w h o demonstrate d explici t  knowledg e 
of  mor e tha n 3  par t  word s o r  mor e tha n 1  ful l  wor d wer e 
considere d likel y t o hav e develope d a  stron g explici t 
representatio n o f  th e underlyin g su-uctur e o f  th e input ,  wer e 
classifie d a s explici t  learners ,  an d wer e exclude d fro m th e 
result s ( N =  3) .  Subject s w h o passe d bot h th e R T criterio n 
fo r  learnin g an d th e fre e recal l  criterio n fo r  non-explici t 
knowledg e wer e classifie d a s implici t  learner s an d wer e 
include d i n th e result s ( N =  5 ;  thre e subject s traine d o n 
butto n assignmen t  one ,  an d tw o subject s traine d o n butto n 
assignmen t  two) . 

Results 

We hypothesize d tha t  wit h extende d training ,  subject s w h o 
become implicitl y  sensitiv e t o th e structur e withi n th e 
sequenc e o f  stimulu s syllable s (button-pairs) ,  shoul d reflec t 
thi s sensitivit y throug h differentiall y  faste r  R T s . 
Specifically ,  w e predicte d tha t  R T s fo r  first  syllables ,  whic h 
hav e lo w averag e transitiona l  probability ,  woul d begi n t o 
platea u befor e R T s fo r  secon d an d thir d syllables ,  whic h ar e 
maximall y predictive .  A s show n i n Figur e 3 ,  ou r  result s 
suppor t  thi s hypothesis .  Acros s th e first  fe w sessions ,  ther e 
was genera l  improvemen t  i n R T s fo r  al l  thre e syllables , 
whic h likel y reflect s th e subjects '  adaptatio n t o th e genera l 
tas k o f  makin g rapi d button-pres s response s fro m th e 
"home "  location .  Subsequently ,  R T s fo r  th e secon d an d thir d 
syllable s continue d t o decrease ,  whil e R T s fo r  th e first 
syllabl e bega n t o leve l  off .  B y sessio n forty-eight ,  th e ga p 
betwee n R T s fo r  firs t  versu s secon d an d thir d syllable s wa s 
on th e orde r  o f  60ms . 

A n A N O V A,  wit h tas k exposur e (sessions )  an d syllabl e 
(1 ,  2 ,  o r  3 )  a s repeated  measures ,  indicate d a  significan t 
linea r  mai n effec t  o f  exposure ,  F(l,4 )  =  44.45 ,  p  <  .005 , 
M S,  =  17497.46 ,  an d a  significan t  interactio n o f  linea r  tren d 
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Figure 3: Mean reaction times for syllables 1, 2, and 3 for implicit learners (N = 5). 

of  exposur e wit h syllable ,  F(2 ,  8 ,  Greenhouse-Geisse r 
adjuste d t o 1.18 ,  4.74 )  =  11.67 ,  p  <  .05 ,  M S ,  =  2044.54 . 
Thi s interactio n indicate s no t  onl y tha t  ther e wa s a n overal l 
linea r  decreas e i n R T wit h exposur e t o th e task ,  bu t  als o tha t 
thi s chang e wa s no t  th e sam e fo r  al l  syllables .  Th e A N O V A 
als o revealed  significan t  simpl e effect s o f  linea r  tren d o f 
exposur e fo r  eac h o f  th e differen t  syllables :  syllabl e one , 
f(l,4 )  =  104.80 ,  p  <  .001 ,  M S ,  =  1343.83 ;  syllabl e two , 
F(l,4 )  =  506.98 ,  p  <  .001 .  M S ,  =  896.18 ;  syllabl e three , 
F(l,4 )  =  133.53 ,  p  <  .001 ,  M S ,  =  133608.44 .  Finally ,  ther e 
was a  significan t  interactio n betwee n linea r  tren d o f  exposur e 
fo r  syllabl e on e an d linea r  tren d o f  exposur e fo r  syllable s 
tw o an d thre e combined ,  F(l,4 )  =  12.60 ,  p  <  .05 ,  M S ,  = 
3739.26 ,  bu t  no t  betwee n linea r  tren d o f  exposur e fo r 
syllabl e tw o versu s linea r  tren d o f  exposur e fo r  syllabl e 
three ,  f(l,4 )  =  1.68 ,  p  >  .1 ,  M S ,  =  349.82 .  Thes e las t 
result s indicat e tha t  th e linea r  improvemen t  i n R T wit h 
increase d exposur e t o th e tas k i s differen t  fo r  syllabl e on e 
tha n fo r  syllable s tw o an d three . 

I t  i s  clea r  fro m Figur e 3  tha t  th e rat e o f  improvemen t  fo r 
syllabl e on e i s slowe r  tha n fo r  syllable s tw o an d three ,  an d 
tha t  th e improvemen t  fo r  syllable s tw o an d thre e i s roughl y 
equivalent .  A  fina l  post-hoc ,  non-tren d compariso n revealed 
tha t  th e effec t  o f  exposur e o n R T fo r  syllabl e tw o versu s 
syllabl e thre e wa s no t  different ,  f(47 ,  188 ,  Greenhouse -
Geisse r  adjuste d t o 3.08 ,  12.34 )  =  .91 ,  p  >  .1 ,  M 5 ,  =  47.08 , 

consisten t  wit h th e fac t  tha t  th e transitiona l  probabilitie s 
predictiv e o f  thes e syllable s wer e bot h 1.0 . 

Discussion 

The result s o f  thi s stud y suppor t  th e hypothesi s tha t  wit h 
increasin g amount s o f  exposur e t o sequentia l  stimuli ,  lo w 
probabilit y  transition s ar e learne d mor e poorl y tha n hig h 
probabilit y  transitions .  Th e reactio n tim e methodolog y 
provide s a  detaile d on-lin e measur e o f  learning ,  a s indicate d 
by improvement s i n R T ,  throughou t  a  multi-day ,  multi -
sessio n learnin g process .  Thi s stud y pave s th e wa y fo r  wor k 
on th e learnin g o f  stimulu s sequence s wit h mor e 
complicate d embedde d pattern s o f  transitiona l  probabilities . 

Fro m th e summar y dat a show n i n Figur e 3 ,  a  numbe r  o f 
point s shoul d b e emphasized .  First ,  althoug h ou r  statistica l 
analysi s reveale d a  linea r  effec t  o f  session s o f  exposure ,  i t  i s 
likel y tha t  th e dat a reflec t  th e initia l  portion s o f  non-linea r 
(exponential )  learnin g curves .  W e suspec t  tha t  wit h mor e 
exposur e t o th e tas k (i.e. ,  a  greate r  numbe r  o f  sessions) ,  th e 
rat e o f  R T improvemen t  woul d leve l  of f  fo r  eac h o f  th e 
syllables .  Anecdotally ,  a  pilo t  subjec t  (no t  include d i n th e 
study )  w h o wa s traine d t o 5 8 session s di d sho w a  levelin g 
of f  o f  R T fo r  al l  thre e syllables ,  suggestin g tha t  i t  ma y b e 
profitabl e t o exten d th e lengt h o f  tas k exposur e beyon d 4 8 
sessions . 
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Second ,  i n additio n t o th e R T improvemen t  resultin g fro m 
subject s learnin g th e embedde d syllable-structur e o f  word s 
withi n th e stimulu s sequence ,  ther e wa s som e non-specifi c 
(generalized )  learnin g base d o n adaptatio n t o th e physica l 
requirement s o f  th e task .  Althoug h w e di d no t  asses s non -
specifi c  adaptatio n directly ,  i t  seem s likel y tha t  i t  wa s 
confine d primaril y t o th e initia l  par t  (-1 0 sessions )  o f  th e 
experiment .  Certainl y i t  i s  reflecte d i n th e larg e 
improvemen t  see n fro m sessio n on e t o sessio n two .  Wor k 
i n progres s incorporate s method s t o hel p evaluat e non -
specifi c  improvemen t  i n R T . 

Third ,  fo r  mos t  o f  th e session s afte r  sessio n twenty-four , 
R Ts wer e faste r  fo r  syllabl e thre e tha n fo r  syllabl e two . 
Althoug h thi s differenc e wa s no t  statisticall y significant ,  i t 
i s  temptin g t o speculat e tha t  syllabl e thre e ma y enjo y a n 
enhance d advantag e i n predictabilit y  despit e transitiona l 
probabilitie s equivalen t  t o syllabl e two .  Thi s migh t  occu r  i f 
subject s com e t o us e th e combine d occurrenc e o f  syllable s 
one an d tw o t o predic t  th e occurrenc e o f  syllabl e three .  Mor e 
researc h wil l  b e necessar y t o tes t  thi s hypothesis ,  possibl y 
involvin g greate r  number s o f  syllable s o r  involvin g stimul i 
designe d s o tha t  predictio n o f  syllabl e thre e i s  necessaril y 
dependen t  o n th e combine d sequenc e o f  syllable s on e an d 
two . 

Fourth ,  th e significan t  separatio n o f  R T s base d o n 
transitiona l  probabilitie s demonstrate s tha t  subject s hav e 
learne d som e aspec t  o f  th e sequentia l  structur e o f  th e 
visuospatia l  stimuli .  Th e researc h b y Saffra n an d colleague s 
(Aslin ,  Saffra n &  Newport ,  1998 ;  Saffran ,  Asli n & 
Newport ,  1996 ;  Saffran ,  Newpor t  &  Aslin ,  1996 ;  Saffran , 
Newport ,  Aslin ,  Tunic k &  Barrueco ,  1997 )  o n won d 
segmentatio n fro m fluent  speech ,  whic h use d simila r 
sequentia l  structures ,  employe d a  two-alternativ e forced -
choic e tes t  afte r  familiarizatio n t o th e speec h corpus .  Thi s 
post-familiarizatio n tes t  compare d word s wit h non-word s an d 
part-words ,  an d clea r  evidenc e o f  discriminatio n suggeste d 
tha t  syllable-pair s wit h hig h transitiona l  probabilitie s wer e 
groupe d int o words .  Tha t  is ,  statistica l  learnin g resulte d i n 
segmentatio n o f  word s fro m fluent  speech .  I n th e presen t 
study ,  th e patter n o f  R T s wa s analogou s t o won d 
segmentatio n i n tha t  moto r  response s wer e facilitate d fo r 
predictiv e sequence s o f  visuospatia l  stimuli .  Whil e ther e i s 
no direc t  evidenc e tha t  th e visuospatia l  sub-pattern s makin g 
up word s i n th e presen t  stud y wer e implicitl y  segmented ,  i t 
seems likel y tha t  evidenc e fo r  segmentatio n woul d b e foun d 
i n a  post-familiarizatio n test .  Suc h a  tes t  woul d b e necessar y 
t o dra w thi s kin d o f  inference . 

The result s o f  thi s preliminar y experimen t  hav e 
implication s fo r  mor e comple x stimulu s sequences .  On e 
hundre d year s ago ,  i n thei r  studie s o f  telegrap h operator s 
trainin g t o us e Mors e code ,  Brya n an d Harte r  (1897 ) 
recognize d tha t  th e timecours e o f  learnin g ofte n reflect s th e 
underiyin g hierarchica l  structur e o f  th e sequentia l  "code. " 
The presen t  study ,  despit e theoretica l  linkage s t o languag e 
learning ,  wa s modele d afte r  a  word-segmentatio n tas k i n 
whic h th e sequentia l  structur e wa s no t  hierarchical .  W e ar e 
currentl y expandin g thi s lin e o f  wor k t o determine ,  on-line , 
ho w subject s lear n embedde d structure s tha t  hav e multipl e 
hierarchica l  level s o f  organization .  Th e seria l  R T paradig m 
i s particularl y wel l  suite d t o studie s aime d a t  understandin g 

th e timecourse ,  an d variabilit y  betwee n subjects ,  o f  implici t 
learnin g a t  differen t  level s o f  structura l  complexity . 

Extension s o f  thi s wor k t o studie s o f  transfe r  o f  learnin g 
may als o prov e fruitful .  Fo r  example ,  subject s w h o lear n 
one specifi c  organizatio n o f  syllable s withi n word s m a y 
readil y transfe r  tha t  learnin g t o a  differen t  organization , 
provide d tha t  th e sam e embedde d structur e o f  transitiona l 
probabilitie s i s  maintained .  Thes e empirica l  measure s o f 
learnin g ar e als o eminentl y suitabl e fo r  computationa l 
modeling ,  usin g a  variet y o f  architectures ,  includin g th e 
simpl e recurren t  network s implemente d b y Cleereman s an d 
McClellan d (1991) . 
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