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ABSTRACT 

Subjects learned to map phrase-structure-defined strings onto geometric 
figur e arrays .  "String-generation "  subject s produce d symbo l  string s 
correspondin g t o arrays ;  "String-interpretation "  subject s constructe d array s 
correspondin g t o strings .  "Mixed "  subject s alternate d betwee n thes e tasks . 
Subjects '  knowledg e o f  symbo l  sequenc e acceptabilit y  wa s periodicall y probed . 
Mixe d sxjbject s learne d th e structur e dramaticall y faste r  tha n othe r  subjects . 
Thi s suggest s tha t  natura l  acquisitio n o f  structur e \anderlyin g symbol-worl d 
mappin g system s lik e languag e depend s o n learnin g multi-directiona l  mappings . 

Humans inevitabl y construc t  inplici t  menta l  representation s t o guid e 
thei r  concret e action s an d percepts .  Th e researc h i n thi s pape r  investigate s 
a theor y o f  th e condition s v^ic h elici t  suc h forma l  menta l  structures .  Th e 
essenc e o f  th e theor y i s tha t  thes e structure s ar e menta l  device s vdiic h 
integrat e superficiall y  distinc t  perspective s o n a  situation .  Conside r  th e 
intuitiv e formatio n o f  a  ma p betwee n hom e an d work .  I f  yo u alway s wal k fro m 
home t o work ,  bu t  ge t  a  rid e hom e afte r  dark ,  ther e i s littl e basi s fo r 
developin g a n intuitiv e ma p o f  th e relevan t  neighborhood .  Rather ,  yo u ca n 
memoriz e a  unilinea r  serie s o f  turn s an d distances .  Contras t  thi s wit h a 
situatio n i n v^ic h yo u wal k sometime s i n eac h direction :  i t  i s  intuitivel y 
clea r  (thoug h th e relevan t  researc h remain s largel y undone) ,  tha t  yo u ar e 
the n muc h mor e likel y t o construc t  a n intuitiv e ma p o f  th e are a i n a n 
abstrac t  representatio n o f  th e street s an d crucia l  landmarks .  Th e differin g 
perspective s gaine d fro m walkin g i n bot h direction s stimulat e th e instinctiv e 
nee d fo r  a  menta l  representatio n whic h i s neutra l  concernin g th e directio n o f 
trave l  -  namely ,  a  map . 

The functional value of such inner mental representations is 
unquestionable ,  bu t  th e fac t  tha t  th e structure s ar e ofte n fxonctiona l  doe s 
no t  explai n thei r  existence ,  form ,  o r  th e dynamic s o f  thei r  discovery .  I n 
fact ,  i t  i s  frequentl y th e cas e tha t  human s ascrib e unnecessaril y  elaborat e 
interna l  structure s t o superficiall y  regula r  phenomena .  Fo r  example ,  peopl e 
ofte n intuitivel y invok e a  coitple x causa l  schem a a s th e interna l  structur e o f 
a serie s o f  events ,  whic h migh t  i n fac t  b e unrelated ;  similarly ,  peopl e ma y 
develo p overl y elaborat e hypothese s abou t  th e structur e o f  machines ,  a s the y 
lear n t o contro l  them ;  finally ,  peopl e acquir e comple x grammar s wit h 
independen t  interlockin g level s o f  representatio n t o accoun t  fo r  th e 
structur e o f  sentences ,  whic h migh t  hav e simple r  behaviora l  descriptions .  I n 
eac h case ,  th e mor e superficia l  analysi s migh t  b e correc t  o r  a t  leas t  mor e 
functiona l  -  th e perso n wh o attribute s a n xannecessar y underlyin g structur e i s 
guilt y o f  a  cognitiv e illusion ,  th e intuitiv e formatio n o f  a n incorrec t 
menta l  representation .  A s i n th e stud y o f  perception ,  th e inportanc e o f  suc h 
illusion s i s tha t  the y demonstrat e th e presenc e o f  a n activ e se t  o f  menta l 
processe s whic h automaticall y for m menta l  representation s durin g th e 
organizatio n o f  behavior ,  regardles s o f  thei r  specifi c  functiona l  role .  Th e 
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puzzle about vrtiy people induce complex abstract structures resolves into 
severa l  componen t  questions : 

(1) Why do humans hypothesize the particular structures they do? 
(2 )  What  environmenta l  condition s elici t  th e structures ? 
(3 )  What  menta l  condition s elici t  th e structures ? 
(4 )  What  motivate s invokin g th e structur e withou t  direc t 

reinforcement ? 

Questions (1) and (4) are usually taken to be the most profound: the former 
bear s o n hypothese s abou t  innat e constraints ,  th e latte r  o n th e motive s fo r 
activ e learnin g o f  abstrac t  structures .  I t  i s  difficult ,  however ,  t o answe r 
eithe r  questio n withou t  a  bette r  understandin g o f  th e dynamic s o f  th e 
learnin g process .  Accordingly ,  ou r  researc h concentrate s o n th e secon d an d 
thir d questions :  ou r  theoretica l  goa l  i s  t o understan d th e interaction s 
betwee n th e environmen t  an d th e learner' s menta l  stat e v^ic h resul t  i n th e 
formatio n o f  menta l  structures .  Ou r  practica l  goa l  i s  t o develo p som e 
insight s int o th e condition s tha t  bes t  elici t  spontaneou s formatio n o f  a n 
appropriat e menta l  representatio n fo r  a  situation . 

Our theory of structure induction is rooted in the dynamic role of 
abstrac t  representationa l  schemata ,  a s system s tha t  resolv e inconsistencie s 
betwee n superficia l  system s o f  representatio n (Bever ,  1986) .  O n thi s view , 
structur e inductio n ha s som e forma l  similaritie s t o proble m solving .  I t 
involve s severa l  phases ;  first ,  th e formulatio n o f  distinc t  representation s 
whic h see m t o b e inconsisten t  (th e rea l  menta l  'problem') ;  the n evocatio n o f 
a mor e abstrac t  representationa l  schem a whic h allow s fo r  th e integratio n o f 
th e conflictin g representations .  A n exampl e o f  thi s i s Duncker' s (1945 ) 
classi c explicatio n o f  th e solutio n fo r  th e us e o f  x-ray s t o kil l  a n interna l 
tumor :  a t  first ,  th e subject s oscillat e betwee n postulatin g a n x-ra y 'gun ' 
whic h shoot s th e tumo r  (bu t  destroy s th e intervenin g tissue) ,  an d a n x-ra y 
'bomb '  whic h explode s onl y a t  th e tumo r  sit e (bu t  canno t  ge t  ther e becaus e o f 
th e intervenin g tissue) .  Th e solutio n lie s i n a n integratio n o f  feature s o f 
bot h th e 'gun '  an d th e 'bomb' ;  a  focussin g len s disperse s th e x-rays ,  lik e 
light ,  harmlessl y throug h th e intervenin g tissue ,  an d focusse s the m lethall y 
onl y o n th e tumor .  Th e concep t  o f  a  len s whic h manipulate s x-ray s a s thoug h 
the y wer e ligh t  provide s a  ne w schem a i n whic h t o integrat e th e initiall y 
inconsisten t  representation s o f  th e problem . 

On our view, the induction of structures underlying behavior works most 
effectivel y i n a n analogou s way .  Differen t  superficia l  regularities ,  o r 
differen t  mode s o f  use ,  stimulat e th e developmen t  o f  inconpatibl e 
representation s o f  th e behavior :  th e deepe r  representatio n supplie s a 
resolutio n o f  thes e apparentl y conflictin g representations .  Thi s sequenc e o f 
menta l  stage s i s a  standar d accoun t  o f  ho w childre n g o abou t  discoverin g 
elaborat e menta l  systems ,  suc h a s causa l  reasoning ,  numh)er ,  naiv e physics , 
and s o on .  We ar e suggestin g tha t  th e sam e kin d o f  processe s occu r  durin g 
adul t  learnin g o f  comple x systems . 

The use of symbol manipulation paradigms 

Symbol-sequence learning offers a rich paradigm to examine the induction 
of  a n abstrac t  structur e fro m specifi c  concret e trainin g experiences .  I n 
thes e experiments ,  subject s typicall y ar e aske d t o discove r  th e principle s 
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underlying the well-formedness of sequences. The paradigm offers the 
possibilit y  o f  experimenta l  contro l  ove r  th e intermediat e stage s o f  structur e 
formation ,  an d carefu l  probin g fo r  th e ultimat e structures . 

In practice, such studies are often described as investigations of 
'artificia l  languag e learning' ,  sinc e th e descriptio n o f  th e symbo l 
sequence s i s ofte n expresse d i n term s o f  language-lik e rule s (Anderson , 
1975 ;  Braine ,  1963 ,  1966 ;  Esper ,  1925 ;  Miller ,  1967 ;  Mille r  an d Stein , 
1963 ;  Moese r  &  Bregman ,  1972 ;  Reber ,  1967 ;  Saporta ,  Blumentha l  an d Reiff , 
1963 ;  Sega l  an d Halwes ,  1965 ,  1966 ;  Smith ,  1969) .  Th e rational e fo r  thes e 
studie s ha s usuall y bee n take n t o b e tha t  on e ca n includ e o r  violat e forma l 
propertie s o f  natura l  languag e i n th e artificia l  mappin g systems ;  i f  th e 
selectiv e absenc e o f  a  particula r  forma l  propert y make s th e languag e har d t o 
learn ,  the n on e migh t  conclud e tha t  th e propert y i s a  critica l  par t  o f  th e 
structur e o f  an y languag e (Esper ,  1925 ;  Chomsky ,  1965) .  Tha t  is ,  artificia l 
language s ca n b e use d t o tes t  linguisti c universals ,  on e b y one . 

Such learning paradigms have been used to investigate some behavioral 
issues ,  primaril y contrastin g th e importanc e o f  structura l  informatio n abou t 
v^er e phrase s begi n an d en d (Green ,  1979 ;  Morga n an d Newport ,  1981 ;  Morgan , 
Meie r  an d Newport ,  1986 )  an d th e relativ e importanc e o f  parallel s betwee n 
grammatica l  structur e an d it s extra-symboli c referenc e fo r  learnin g (Moese r 
and Bregman ,  1972 ,  1973 ;  Moeser ,  1977 ;  Anderson ,  1975 ;  Meie r  an d Bower , 
1986) . 

These studies of symbol sequence learning have had the same limitations 
as othe r  paradigm s on e migh t  us e t o explor e naturalisti c discover y o f 
structure .  The y pos e subject s directl y wit h th e proble m o f  discoverin g th e 
structure s a t  issue ,  rathe r  tha n placin g subject s i n task s vdiic h migh t 
naturall y elici t  th e structure s a s inplici t  component s o f  th e solutio n t o th e 
tasks .  Below ,  w e outlin e a n adaptatio n o f  artificia l  languag e learnin g 
paradigm s i n v^ic h subject s lear n t o us e th e symboli c structur e withou t  bein g 
aske d t o lear n th e structur e explicitly .  Ou r  initia l  result s sugges t  tha t 
th e paradig m ca n b e use d t o answe r  question s abou t  th e behaviora l  condition s 
governin g th e discover y o f  implici t  structure s i n general . 

THE STUDY 

In our study, subjects learn to use symbols in sequences defined by 
simpl e structura l  constraints ,  an d ar e no t  give n an y direc t  trainin g o n 
structura l  well-formedness .  A s the y lear n t o us e th e symbol-sequences ,  w e 
periodicall y tes t  thei r  knowledg e o f  th e structur e o f  th e symbo l  system . 
Subject s ar e eithe r  aske d t o lear n t o 'produce '  symbo l  sequence s correctl y o r 
t o 'perceive '  them .  I n 'production' ,  th e subject s ar e give n a  visua l  arra y o f 
shape s o n a  compute r  scree n an d mus t  typ e th e sequenc e describin g th e array . 
I n 'perception' ,  siobject s ar e give n a  sequenc e an d mus t  construc t  th e visua l 
arra y whic h i t  describes . 

The symbol sequences are structured according to rules taken from a 
standar d artificia l  languag e use d i n previou s studie s i n th e literatur e 
(e.g. ,  Anderson ,  1975 ;  Meie r  an d Bower ,  1986) .  I t  i s  a  phras e structur e 
verb-fina l  language ,  wit h embedding .  Sequence s range d fro m 4  t o 1 2 word s 
long ;  th e separat e word s ar e i n Englis h ('triangle ,  red ,  large ,  above ' 
etc. )  excep t  fo r  on e grammatica l  functio n word ,  'te' .  Th e visua l  patter n i s 
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defined on a set of geometric shapes v^ich can have different sizes and 
colors .  Eac h shap e ca n b e locate d i n on e o f  fou r  quadrant s o n a  compute r 
screen .  Sx±)ject s ca n 'paint '  th e figur e the y wan t  i n eac h quadran t 
separately ,  usin g a n adapte d graphic s package :  the y ar e provide d wit h 
labelle d button s fo r  eac h figur e attribut e (triangle ,  red ,  large ,  etc.) . 
Even thi s sinpl e mappin g syste m allow s fo r  conple x mappings .  Fo r  exair5)le ,  a 
larg e stripe d triangl e abov e a  re d circle ,  whic h i s t o th e lef t  o f  a  smal l 
stripe d square ,  woul d b e denote d b y th e string , 

triangle large striped circle te red te square small striped left-of above 

The subjects are never trained on isolated sequences; rather, they are 
expose d t o unidirectiona l  mappin g task s v^ic h naturall y reflec t  th e norma l 
use s fo r  symbo l  systems ,  conprehensio n an d production .  I n al l  conditions , 
s\±»ject s ar e pre-traine d i n mappin g isolate d symbols ,  t o becom e familia r  wit h 
usin g th e computer-controlle d printin g an d drawin g techniques . 

We ran groups of 10 subjects, balanced for such varie±)les as SAT 
scores ,  se x an d age ,  i n eac h o f  thre e paradigms :  1 )  'perception' :  o n eac h 
trial ,  subject s ar e give n a  symbo l  sequenc e an d aske d t o construc t  th e 
correspondin g visua l  pattern ;  2 )  'production' :  o n eac h trial ,  sxibject s ar e 
give n th e visua l  patter n an d aske d t o construc t  a  correspondin g symbo l 
sequence ;  an d 3 )  'mixed' ;  trial s alternat e betwee n 'perception '  an d 
'production' .  Ther e wer e 4 8 trials ,  selecte d t o balanc e fo r  variou s 
complexit y variable s i n eac h 1/ 8 o f  th e experimenta l  session .  Afte r  ever y 6 
trials ,  siobject s wer e presente d wit h a  tes t  o f  thei r  knowledg e o f  th e 
structur e o f  well-forme d sequences .  Subject s judge d v^ic h member  o f  eac h o f 
si x pair s o f  sequence s i s structurall y correct .  Followin g previou s research , 
th e correc t  sequenc e i n eac h pai r  wa s mate d t o a n incorrec t  sequenc e v^ic h 
violate d on e o f  si x kind s o f  structura l  propertie s characteristi c o f  th e 
system . 

FIGURE 1 
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Ttier e ar e tw o measure s o f  performance :  th e acquisitio n o f  structura l 
knowledge ,  an d th e acquisitio n o f  th e unidirectiona l  mappin g skills .  Figur e 
1 show s ho w th e structura l  knowledg e increase d wit h trainin g i n th e thre e 
differen t  trainin g conditions .  Trainin g i n productio n resulte d i n slightl y 
faste r  acquisitio n o f  structura l  knowledg e tha n di d trainin g i n perception , 
bu t  th e differenc e i s no t  significant .  Mos t  strikin g i s th e fac t  tha t  th e 
mixe d conditio n resulte d i n superio r  master y o f  th e structur e o f  th e symbo l 
syste m (p<.025 ,  b y Fishe r  exac t  tes t  o n subjects ,  bot h comparin g mixe d 
agains t  perceptio n alon e an d agains t  productio n alon e (p<.0 3 b y a  wilcoxo n 
matched-pair s signed-rank s acros s trials) .  Thi s findin g i s no t  obvious :  fo r 
exan:5)le ,  on e migh t  hav e predicte d tha t  structura l  learnin g i n th e mixe d 
conditio n woul d b e th e averag e o f  tha t  i n th e tw o separat e conditions . 
Furthermore ,  correlation s o f  subjects '  performanc e o n th e secon d hal f  o f  th e 
sessio n show s tha t  structura l  knowledg e correlate d strongl y wit h productio n 
and perceptio n i n th e mixe d condition ,  bu t  les s strongl y wit h productio n o r 
perceptio n alon e (se e Tabl e 1 ,  below) .  I t  seem s clea r  tha t  th e mixe d 
conditio n elicite d a  mor e unifie d representatio n o f  th e structur e wit h th e 
behaviora l  skill . 

TABLE 1 

Correlations across subjects between mapping skill and well-formedness 
judgment s (secon d hal f  o f  sessions) . 

Productio n alon e X  judgmen t 
Productio n mixe d X  judgmen t 
Perceptio n alon e X  judgmen t 
Perceptio n mixe d X  judgmen t 

.6 4 (p<.02 ) 

.9 3 (p<.001 ) 

.6 1 (p<.03 ) 

.8 0 (p<.001 ) 
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Figure 2 presents the acquisition of just the mapping skills in the 
differen t  conditions .  Productio n alon e i s clearl y mor e difficul t  t o maste r 
tha n perceptio n alone ;  bu t  productio n i n th e mixe d conditio n i s almos t  a s 
eas y a s perceptio n (w e too k performanc e o n th e las t  1 2 trial s a s a  measure : 
on this ,  productio n alon e wa s mor e difficul t  tha n eac h o f  th e othe r  thre e 
conditions ,  p<.025 ,  b y a  Fishe r  exac t  tes t  acros s subjects ;  p<.0 2 b y a 
Wilcoxo n matched-pair s signed-rank s tes t  o n trials) .  Finally ,  perceptio n i n 
th e mixe d conditio n i s n o easie r  tha n perceptio n alone .  Severa l  aspect s o f 
th e result s sugges t  tha t  th e acquisitio n o f  productio n i s mor e directl y 
relate d t o th e abilit y  t o mak e structura l  judgment s tha n th e acquisitio n o f 
perception .  First ,  th e correlatio n acros s subject s betwee n mappin g 
performanc e an d structura l  judgment s i s highe r  fo r  productio n tha n perceptio n 
i n th e mixe d condition ;  second ,  th e correlatio n acros s structura l  propertie s 
i n structura l  judgemen t  i s highe r  fo r  productio n an d mixed ,  tha n fo r 
perceptio n an d mixed .  Thes e trend s wer e no t  statisticall y significan t  give n 
th e curren t  nxjmbe r  o f  subject s an d constraints ,  bu t  the y ar e suggestiv e a s 
th e basi s fo r  furthe r  research . 

The initial findings from this study have a number of inplications. 
First ,  th e fac t  tha t  structura l  knowledg e i s arrive d a t  muc h mor e quickl y 
when learnin g t o ma p i n bot h direction s suggest s tha t  structura l  knowledg e 
may b e discovere d a s a n integrate d solutio n t o multipl e representationa l 
constraints .  Thi s follow s a s a  specia l  cas e o f  ou r  origina l  hypothesi s tha t 
structur e inductio n i s facilitate d i f  i t  provide s a  framewor k fo r 
incompatibl e system s o f  representatio n -  clearly ,  perceptio n an d productio n 
i n ou r  paradig m involv e distinc t  input/outpu t  relations .  Thi s contras t  i s 
emphasize d b y th e fac t  tha t  structura l  propertie s tha t  ar e har d t o maste r  i n 
one mod e ten d t o b e easie r  i n th e other .  Th e mixe d conditio n ma y b e 
effectiv e fo r  independen t  reasons ,  fo r  example ,  becaus e th e conflictin g 
generalization s ar e i n differen t  modalities .  Th e stud y o f  thi s ha s excitin g 
inplication s fo r  theorie s o f  th e inductio n o f  structur e no t  jus t  o f  to y rul e 
systems ,  bu t  o f  suc h menta l  abstraction s a s causa l  reasoning ,  an d suc h 
concret e object s a s corrple x machines ,  compute r  algorithm s an d s o on . 
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